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ABSTRACT 
Study of nucleus-rfupleus (A-A) collisions at relativistic energies is expected 
to provide an opportunity to understand the properties of the strongly interact-
ing matter under extreme condition^^ of temperature and energy density. Even if 
the stipulated conditions for the formation of QGP are achieved, QGP will not 
be formed in all the events. Therefore, to search for the QGP events, a clear 
understanding of the background is essential so that relevant information about 
the QGP signals can be obtained. 
High-Energy physicists have extensively studied A-A collisions caused by ion 
beams from the accelerators at DUBNA, BNL and CERN for having a clear un-
derstanding of the collision dynamics. A number of models on A-A collisions have 
been proposed and appropriate changes in the existing models on hadron-hadron 
and hadron-nucleus collisions have been made for explaining the features of mul-
tiparticle production in relativistic heavy-ion collisions. 
Study of various emission characteristics of relativistic charged particles in 
heavy-ion collisions at different energies, for example, mean multiplicity, multi-
plicity distribution and its dispersion, their dependence on projectile energy and 
masses of projectile and target, etc., enables one to draw some useful conclusions 
a'l) 
regarding mechanism of multiparticle production in nuclear collisions. For hav-
ing a clear picture of the dynamics of A-A collision, the salient features of the 
particles producing shower, grey and black tracks, like multiplicity distribution, 
angular distribution and inter-correlations amongst rij, n,, Ub and n^ and their 
dependence on beam energy and Ug in ^^Si-nucleus collisions at 14.5A GeV/c are 
thoroughly investigated. For this purpose, a stack of ILFORD Go emulsion, ex-
posed to 14.5A GeV/c ^^Si nuclei from AGS (BNL), has been used. Furthermore, 
for examining the dependence of various aspects of multiparticle production in 
A-A collisions on beam energy and projectile mass, the data on 4.5A GeV/c *^*Si-
and ^^G-nucleus interactions available in our laboratory are also analyzed. Fur-
thermore, dependence of various aspects of particle production on target mass 
and the centrality of the collisions are also examined. 
Events due to different targets are separated out by plotting the integral fre-
quency distribution of heavily ionizing tracks; the integral frequency distribution 
is observed to consist of four straight line segments. The difference in the slopes 
of these segments are interpreted as manifestation for the presence of different 
collision dynamics in A-A collisions. 
Mean multiplicity of relativistic charged particles, < n^ >, is found to strongly 
depend on the masses of the projectile and the target nuclei. Furthermore, it is 
observed that < n^ > strongly depends on projectile energy. On the other hand. 
(iVi) 
the values of < n/, > and < rig > are found to be insensitive to projectile energy. 
However, both < n^ > and < n^ > show up strong dependence on target mass. It 
may be of interest to note that mean multiplicity of the total number of charged 
particles, < nch>, depends on the product of the masses of the colliding nuclei, 
ApAf 
In order to investigate the dependence of multiplicity distributions on projec-
tile mass, the distributions of various secondaries produced in 4.5A GeV/c ''^C-
and ^^Si-emulsion collisions are compared. Multiplicity distributions of black, 
grey and relativistic charged particles are observed to depend on projectile mass. 
Furthermore, Ug distribution and compound multiplicity distribution are nicely 
reproduced by the negative binomial distribution (NBD) at both the incident en-
ergies. But the, Us distributions for the interactions characterized by: i) Uh > 12 
and ii) n^ > 19 are reproduced reasonably well by the Gaussian distribution. 
Pseudorapidity distributions of relativistic charged particles are reproduced 
fairly well by the Gaussian distribution; however, r] distribution exhibits strong 
dependence on Wj. 
Study of shower width, R{r)), distributions reveals that the distribution de-
pends strongly on Ug and moderately on projectile energy. It may be noted that 
pseudorapidity width space occupied by charged particles increases with increas-
ing projectile energy and rij. 
liv) 
Correlations and clusterization amongst relativistic charged particles p ro 
duced in relativistic nuclear collisions are regarded as one of the most interesting 
aspects of nuclear collisions. It is believed that particles resulting from a single 
cluster are closer in pseudorapidity space, whereas those coming from two different 
clusters would be separated by large rapidity gaps. Various aspects of correla-
tions and clusterization of relativistic charged particles produced in ^^Si-nucleus 
collisions at 4.5A and 14.5A GeV/c are studied systematically and thoroughly. 
Further, an attempt is made to investigate the cluster size and its dependence on 
target mass, Ug and beam energy. 
Study of variations of < < rj » and < D(rj) > with Ug clearly indicates 
the presence of clusterization in ^^Si-nucleus interactions at both 4.oA and 14.5A 
GeV energies. This observation is in excellent agreement with the predictions of 
multiperipheral cluster model. Further, particle production through the decay of 
clusters is investigated by examining the nature of the distribution of rapidity 
gaps between the n'^ nearest neighbours; the maximum number of charged parti-
cles constituting a cluster is found to be four. However, this number turns out to 
be three for the interactions characterized by ns < 9 and four for the interactions 
having n^ > 10. It is worthmentioning that cluster size strongly depends on Ug 
and is insensitive to projectile energy as well as target mass. 
(VJ 
Various characteristics of the interactions accompanied by the emission of rel-
ativistic hadrons in the backward hemisphere in the collisions of *^^ Si nuclei with 
emulsion at 4.5A and 14.oA GeV are investigated; multiplicity and r] distribu-
tions of relativistic charged particles exhibit strong dependence on the number of 
relativistic hadrons emitted in the backward hemisphere. The study further re-
veals that multiplicity distribution of relativistic charged particles emitted in the 
backward hemisphere is independent of the energy of the projectile. Furthermore, 
n{ distributions for the events with n* >1 are broader than those obtained for 
the collisions having nj=0. On the other hand, nf distribution tends to become 
wider with increasing projectile energy. But r) distributions for the events with 
n* >1 are well fitted by a single Gaussian distribution (CD), while the distribu-
tions obtained by considering the events having n*=0 are fitted by two distinct 
CDs. This, in turn, suggests that two different mechanisms perhaps operate in 
the production of collisions having n'^O. 
One of the simplest methods to investigate fluctuations and dynamical corre-
lations is the study of maximum density distribution. Multiparticle correlations 
amongst produced fast secondaries in terms of rapidity density fluctuations in 
narrow pseudorapidity interval in the Monte Carlo background are investigated. 
The study reveals that < pmax > decreases with < Ytot >, where < Ytot > is 
the average value oi Ytot and which is defined as: Ktot = "^EZiiVi/rh). Further, 
(Ml) 
< Pmax > is observed to increase linearly with < Ng >, where < N^ > repre-
sents the average value of n^  for a particular multiplicity interval. It is observed 
that < Pmax > increases with decreasing Ar/. Furthermore, Pmax distribution is 
independent of bin width Arj. Finally, it may be stated that the various features 
of maximum rapidity density distribution do not change appreciably with target 
mass. 
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PREFACE 
The main objective of undertaking the present study was to glean some 
useful and interesting information regarding the mechanism of multiparticle 
production in relativistic nuclear collisions. Some aspects of nuclear inter-
actions, such as integral frequency distribution, multiplicity distribution, T] 
distribution, multiplicity fluctuations and clusterization amongst relativistic 
charged particles, etc., are studied. For examining the mechanism of multi-
particle production in nuclear collisions at relativistic energies, experimental 
values of some important parameters relating to the collisions are compared 
with the values predicted by different models. A brief introduction to the 
important characteristics of relativistic nuclear collisions is presented in Chap-
ter I. Further, the major heavy-ion facilities world-wide are briefly discussed 
in the same chapter. 
A stack of ILFORD G5 emulsion, exposed to 14.5A GeV/c ^^Si imclei beam 
from AGS, BNL, was used. Furthermore, for examining the dependence of the 
various aspects of multiparticle production in A-A collisions on the mass and 
the energy of projectile, data on 4.5A GeV/c ^^Si- and '^C-nucleus collisions, 
with the same description, available in our laboratory are also analyzed. Vari-
ous details regarding the criteria for selecting events, scanning procedure, iden-
tification of tracks and methods of various measurements, etc., are presented 
in Chapter II. Some of the models put forward to explain the mechanism of 
multiparticle production in relativistic A-A collisions are also briefly discussed 
in Chapter II. 
Various interesting features of multiparticle production such as method of 
separating out events due to different targets, multiplicity distribution and cor-
relations amongst various types of secondary particles and their dependence 
on the mass and energy of the projectile are discussed in Chapter III. 
Correlated particle production in relativistic nuclear collisions are investi-
gated in terms of rj, D(7y) and rapidity gap distribution. There are reasons to 
believe that the secondary particles are produced through the decay of clus-
ters. Various features of clusters, for example, size of the clusters and their 
dependences on the beam energy, target mass and multiplicity of relativistic 
charged particles, Ug, are thoroughly investigated and the results of" the study 
are presented in Chapter IV. Various interesting aspects of the events with 
and without relativistic hadrons in the backward hemisphere are studied and 
compared with the predictions of the models. The results, which help draw 
definite conclusions about the production mechanism, are discussed in Chapter 
V. 
Fluctuations in 77 distributions corresponding to small rapidity windows 
are envisaged to be due to the correlated particle production in relativistic nu-
clear collisions. One of the simplest methods for examining the occurrence of 
fluctuations and correlations involves the study of maximum rapidity density 
distribution. Various aspects of fluctuations and correlations are examined 
and the results of the study are compared with the corresponding values ob-
tained for the correlation free Monte Carlo simulated data. These results are 
presented in Chapter VI. Summary and conclusions based on the findings of 
the present study are presented in Chapter VII. 
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CHAPTER I 
INTRODUCTION 
Study of relativistic nucleus-nucleus collisions in a systematic manner be-
came possible with the availability of heavy-ion beams at the AGS, BNL(USA) 
and SPS, CERN(Geneva) since 1986. Since then, attempts have been made 
to construct colliders like Relativistic Heavy-Ion Collider (RHIC) and Large 
Hadron Collider (LHC) for studying nuclear collisions at relatively higher 
centre-of-mass energies. Details about these accelerators and colliders are given 
in Table 1.1. 
Accelerators, the details of which are presented in Table 1.1, except LHC 
and RHIC, are restricted to operate in the fixed target mode. Relativistic 
Heavy-Ion Collider started functioning from June, 2000 at Brookhaven Na-
tional Laboratory and Large Hadron Collider being constructed at CERN will 
become operational in 2005. RHIC [1] is capable of accelerating and colliding 
ions ranging from protons to heavy nuclei such as gold nuclei at the centre-of-
mass energies upto 500 GeV for protons and 200 GeV per nucleon-pair for gold 
nuclei, whilst LHC is mainly devoted to the study of 208p|3_208p]^  collisions at 
~5.4 TeV per nucleon centre-of-mass energy. 
1.1 Why heavy-ion beams ? 
This is one of the many obvious questions asked as to why we select heavy-
ion beams for investigating the features of nuclear collisions at high energies; 
the main aim of studying relativistic heavy-ion collisions is to understand the 
properties of the densest and the hottest form of matter. In particular, one 
expects to reach the condition under which a phase transition from hadronic 
matter to quark-gluon plasma (QGP) might take place. 
Tablel. l Details about heavy-ion accelerators. 
Machine 
AGS 
SPS 
AGS 
SPS 
SPS 
RHIC 
LHC 
Location 
BNL, USA 
CERN 
BNL, USA 
CERN 
CERN 
BNL, USA 
CERN 
Projectile 
beam 
28Si 
32g 
197 Au 
208pb 
208pb 
i^^Au 
208pb 
Energy per 
nucleon (GeV) 
14.5 
200 
11.5 
160 
158 
100 
2700 
Commencement 
year 
1986 
1986 
1992 
1994 
1996 
2000 
* 
* Likely to become operational in 2005 
It is believed that quark-gluon plasma existed in the early Universe [2]: 
quark-gluon plasma is believed to have existed just millionth of a second after 
the Big Bang. QGP might still exist in the core of neutron stars [3]. But, 
obviously, the conditions of the Big Bang can not be reached now and the 
neutron stars are far away. Alternatively, the conditions for producing QGP 
can be achieved by creating the Little Bang by colliding two heavy nuclei at 
3 
relativistic energies [4-7]. Relativistic heavy-ion collisions are expected to pro-
vide an opportunity to study the properties of highly excited hadronic matter 
under extreme conditions of energy density and temperature [8-12]. For ex-
ample, nuclear collisions at RHIC and LHC energies are expected to lead to 
the deconfinement of quarks and gluons, of course, for a very short time. A 
study of the fingerprints of the production of such a state will be sufficient 
to unveil the secrets of the creation of the unusual and interesting state of 
matter—quark-gluon plasma. 
1.2 The state of quark-gluon plasma 
The main motivation behind the study of relativistic heavy-ion interactions 
is the possibility of obtaining nuclear equation of state at extremely high en-
ergy densities and temperatures [13-14]. As stated above, quark-gluon plasma 
is a system of quarks and gluons, which are no longer confined in the hadrons. 
These particles can rather move in the whole volume occupied by the sys-
tem. It may be mentioned that lattice quantum chromodynamics (QCD) also 
predicts [15-16] a phase transition from the hadronic matter to quark-gluon 
plasma to take place in the vicinity of the critical temperature, Tc ^ 150-200 
MeV which corresponds to the energy density of 1-3 GeV/fm^ and the critical 
baryon density ~ (5-10) times the normal nuclear density. 
1.3 Physics motivation 
As already stated, collisions of heavy nuclei at relativistic energies would 
provide an opportunity to study the properties of strongly interacting matter 
under the extreme conditions. But it is not known from the currently known 
theories as to how large would be the cross-section for the QGP formation. 
Even if the extreme conditions for the formation of QGP are achieved, not 
all the events would form QGP. Therefore, to be able to search for the QGP 
production, a deep and clear understanding of the background is required so 
that the relevant information regarding the QGP signals can be disentangled. 
Thus, the processes involved in the hadronization in nuclear environment is 
required to be thoroughly investigated [17]. 
Results based on the data on A-A collisions involving the ion beams from 
the accelerators located at DUBNA, BNL and CERN do not yield unambiguous 
evidence regarding the formation of quark-gluon plasma. However, physicists 
have extensively used these data to have a clear understanding of the collision 
dynamics. A number of models have been proposed and suitable changes in 
the existing models dealing with h-h and h-A collisions have been made to 
explain the dynamics of multiparticle production in relativistic heavy-ion col-
lisions [17-22]. 
Needless to emphasize, for understanding the dynamics of A-A collisions, 
fluctuations in the number of participating nucleons play a vital role. This 
number is reported [17] to vary from a few in the peripheral collisions to '^70 
in the central ^''O-^o^Ag collisions. Any model which can explain the dy-
namics of particle production successfully needs to take these fluctuations into 
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account. Another important parameter is the time taken by the produced 
particles in reaching their asymptotic states. If particles are produced instan-
taneously in a h-h interaction inside the nucleus, the produced particles have 
a chance to re-interact with the nuclear medium. However, on the other hand, 
if the formation time is longer than the nuclear distances, the energy car-
ried by the incident hadron will continue as a unit while passing through the 
target nucleus [17]. These two concepts give rise to quite different multiplic-
ities of the produced particles. Furthermore, the fluctuations in the number 
of participating nucleons and the geometry of nuclear collisions may result 
in relatively larger fluctuations and random emission. Thus, in the future 
experiments involving relatively heavier nuclei at sufficiently higher energies. 
random emission may be a dominant process. On the other hand, in the frame 
work of Wigner-Dyson type of Random Matrix Theory[23], it has been sug-
gested[24] that random emission of particles would dominate, particularly, in 
the central region of the rapidity space and the correlation effects due to some 
sub-processes, might be suppressed. 
A detailed study of the various aspects of the multiplicity of relativistic 
charged particles produced in A-A collisions at different relativistic energies, 
for instance, mean multiplicity, multiplicity distribution and its dispersion, 
their dependence on the projectile energy, target and projectile masses, rapid-
ity windows, etc., would permit to draw some useful and important conclusions 
about the mechanism of multiparticle production operating in such collisions. 
H 
Collisions at relativistic energies involving nuclear targets provide an op-
portunity to investigate the space-time development of the formation of sec-
ondary particles; the target nuclei serve as a detector of the products of the 
reactions. However, there is a time lag between the interaction and the final 
emission of hadrons. Due to the time dilation, this time is long enough in 
the laboratory frame, for the fast secondary particles which suffer almost no 
scattering in the nucleus. However, this time is comparatively short for the 
slower particles. These particles may hadronize within the target and have 
a chance of re-interacting with the surrounding nuclear matter producing a 
cascade of particles [25]. Thus, the knowledge of cascade interactions, which 
play an important role, particularly in small pseudorapidity region, referred to 
as the target fragmentation region, would help understand A-A collisions from 
a different angle. 
By examining the various features of the medium (0.3< j3 <0.7) and low 
[(5 <0.3) energy particles, relevant information about the cascading process 
may be disentangled. Therefore, for having a clear understanding of A-A colli-
sions, emission characteristics of the particles producing black, grey and sliower 
tracks are required to be investigated systematically and thoroughly. For in-
stance, features of multiplicity and angular distributions and their dispersions 
and inter-correlation amongst them and their dependence on the beam energy 
may be studied in detail. A comparison of various characteristics of the col-
lisions with and without the emission of hadrons in the backward hemisphere 
would also provide useful information about the mechanism of particle pro-
duction in A-A collisions. 
In A-A collisions the number of participating nucleons depends essentially 
on the centrality of the collision for given beam and target nuclei [25]. Hence, 
an analysis of the experimental data on peripheral, quasi-central and central 
collisions is carried out separately and the results compared with the values 
predicted by various models to examine the dependence of various features of 
particle production on the collision geometry. 
Another issue to be addressed in this regard is the degree of stopping of tlie 
projectile nucleons. The extreme conditions of energy density and temperature 
are likely to be achieved in the central heavy-ion collisions[26]. For instance, in 
200A GeV ^^0-Em interactions the highest particle density per unit rapidity is 
reported [17] to be ~140, which would correspond to an energy density of e ~ 
3 GeV/fni'^. This may be regarded as a clear manifestation of the presence of 
some new source for the occurrence of fluctuations in some rare type of events, 
like JACEE event [27] and the events observed by NA22 collaboration [28]. 
Interestingly, EMUOl collaboration [17] has also reported a few events hav-
ing unusual characteristics. Thus, such events, if and when formed, are to be 
separated out from the majority of the collisions showing up usual behaviour. 
The analysis of the experimental data on event-by-event basis may serve as 
a useful tool for gleaning useful information about the occurrence of fluctua-
tions in individual collisions and hence has attracted a great deal of attention 
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of the heavy-ion physicists [29] recently. It may be interesting to mention tliat 
the study of correlations and fluctuations in particle spectra on event-by-event 
basis is likely to lead to definite and unambiguous conclusions [30] regarding 
QGP formation. Several attempts [31-35] have, therefore, been made to carry 
out the study of the problem using several different approaches, for instance, 
normalized factorial moments, multifractal analysis, power spectrum analysis, 
Hanbury-Brown-Twiss effect, maximum rapidity gap and k^ '^-order spacing 
spectra, etc. Although these methods, quite different from each other, would 
give information about the mechanism of particle production based on differ-
ent aspects, yet the information obtained from these should be compatible to 
each other. 
An attempt is made to investigate various characteristics of the interactions 
caused by 4.5A and 14.5A GeV/c '^^ Si nuclei in emulsion. Details about the 
stacks used, scanning procedure, methods of classifying tracks of secondary 
particles, criteria used for selecting events and measurement of emission an-
gles, etc., are discussed in Chapter II. 
A brief description about some of the models put forward to explain the 
mechanism of multiparticle production in relativistic A-A collisions is also pre-
sented in Chapter II. 
Dependence of various characteristics of particle production on the target 
mass and the centrality of the collisions are examined by analyzing the inter-
actions due to H, CNO, and AgBr groups of nuclei. The methods used for 
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separating out these events are presented in Chapter III. General characteris-
tics of various types of secondary particles like mean multiplicity, multiplicity 
distribution and correlations amongst the various types of charged particles 
are also discussed. The dependence of these aspects on the projectile energy 
and the target mass are also discussed in Chapter III. 
Correlations amongst relativistic charged particles produced in A-A col-
lisions at high energies and clusterization have always been regarded as one 
of the most interesting aspects of these collisions. By adopting a simple an-
alytical approach, which is based on the idea that particles emitted from a 
single cluster would lie closer to each other in the rapidity space while those 
coming from two different clusters will be separated by a large rapidity gap, 
characteristics of correlation and clusterization of relativistic charged particles 
produced in ^'^Si-nucleus collisions at 4.5A and 14.5A GeV are investigated. 
Attempt is also made to determine the clusters size and the number of clusters 
in an event. Dependence of these aspects on the target mass and multiplicity 
of relativistic charged particles, n^, has also been looked into. These results 
are presented in Chapter IV. 
Hadron-nucleus (h-A) and nucleus-nucleus (A-A) collisions accompanied by 
the emission of relativistic hadrons in the backward hemisphere are visualized 
to be quite interesting [36] as they may provide some useful clue about cascad-
ing and intra-nuclear re-scattering [37]. The number of hadrons emitted in the 
backward hemisphere may also give an idea of the centrality of the collisions. 
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An attempt is, therefore, made to study and compare the various aspects of 
the events produced with and without the emission of relativistic liadrons in 
the backward hemisphere. These results yield some useful information about 
the production mechanism. The results of the analysis dealing with this aspect 
are presented in Chapter V. 
One of the simplest methods to investigate fluctuations and dynamical cor-
relations is the study of the maximum rapidity density distribution [38]. By 
using this approach, an event of very high local particle density has been iden-
tified by NA22 collaboration [28]. Several interesting features of the maximum 
rapidity density fluctuations in various rj-hins are studied and compared with 
the corresponding results obtained using correlation free Monte Carlo simu-
lated collision samples and the results are presented in Chapter VI. 
Summary and conclusions based on the findings of the present study are 
presented in Chapter VII. 
II 
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CHAPTER II 
EXPERIMENTAL TECHNIQUES 
2.1 Introduction 
Emission characteristics of particles produced in high-energy hadron-nucleus 
(h-A) and nucleus-nucleus (A-A) collisions have been quite extensively stud-
ied using nuclear emulsion technique. As is well known, nuclear emulsions 
serve as detector as well as target; emulsions are preferred over other visual 
detectors because of their better spatial resolution. It may be interesting to 
note that nuclear emulsions not only detect charged particles but information 
about their masses, energies, etc., can also be obtained. Needless to empha-
size, nuclear emulsions have great stopping power, which is about 1700 times 
more than that for the standard air [1]. Emulsions also provide 47r angular 
coverage which, incidentally, is quite suitable for examining general features 
of nuclear interactions like particle multiplicitiy distribution, pseudorapidity 
distribution, cross-section, etc. 
2,1.1 Composition of nuclear emulsions 
Nuclear emulsion is a heterogeneous medium [2-5] consisting of small crys-
tals of silver halide-mostly bromide with small admixture of iodide embedded 
in gelatine. Gelatine is composed of carbon, nitrogen, oxygen and h}-drogen 
together with glycerine and serves as a suspension matrix in which silver halide 
crystals get embedded. The primary function of the gelatine is to provide a 
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three-dimensional network which basically serves to locate the small crystals 
and to prevent them from migrating during development and fixation. Glycer-
ine, which serves as plasticizer, reduces the brittleness of the emulsion as well. 
Water content in the emulsion keeps it moist and prevents it from peeling off. 
The composition [6] of the different elements of commonly used standard 
nuclear emulsion is presented in Table 2.1. The chemical composition by weight 
of the emulsion can be summarised as: ~ 1 % hydrogen (H), 16% carbon-
nitrogen-oxygen (CNO) and 83% silver-bromide (AgBr). 
Elements 
H 
C 
N 
0 
s 
Br 
Ag 
Table 2.1 Composition of standard nuclear 
Charge 
(Z) 
1 
6 
7 
8 
16 
35 
47 
Mass number 
(A) 
1 
12 
14 
16 
32 
80 
108 
Concentration* 
gm/ml 
0.053 
0.275 
0.073 
0.252 
0.007 
1.332 
1.808 
emulsion 
No. of atoms/ml* 
(x 10'^ °) 
321.56 
138.30 
31.68 
94.97 < 
1.35 
100.41 
101.01 
* The values of the concentrations and the No. of atoms/ml have been taken from Ref. [51 
The average mass numbers, < yl >, of different groups of nuclei may 
be obtained from: < A >= ^f^, giving the values of < .4 > equal to 1, 14, 
70 and 94 respectively for H, CNO, emulsion and AgBr groups of nuclei. 
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2.1.2 Track formation 
The basic principle of the nuclear emulsion technique is the measurement of 
ionization produced in the silver halide crystals by a charged particle passing-
through it. The rate of energy loss, ( - j f ) , by a charged particle while travers-
ing through the emulsion may be expressed by the Bethe-Bloch formula 7i: 
where Z and A are respectively the atomic and mass numbers of the target 
atom, ze is the charge of the particle moving with a relative velocity ,d{— f,), N 
denotes the Avogadro's number, m is the rest mass of electron and I represents 
the mean ionization potential of the target atom. 
The energy lost by the charged particle is transferred to the atomic elec-
trons. If the energy transferred to the electron is greater than the ionization 
potential of the atom, the atom gets ionized, which renders some of the halide 
grains in the emulsion developable. On immersing it in a reducing bath, called 
developer, they turn into grains of silver which appear black. The track of a 
charged particle, thus may be seen as a series of black grains. 
By investigating the characteristics of a track, ionization produced may be 
determined and information regarding the nature and velocity of the particle 
can be obtained. Higher velocity particles are weakly ionizing and hence rarer 
will be the grains formed. Thus, when an incoming projectile interacts with the 
constituents of the nuclear emulsion, it is called an event and the trajectories 
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of the particles formed in these events are termed as tracks of the secondary 
particles. Tracks in an interaction appear to come out from a single vertex. 
The recorded interaction in emulsion is referred to as STAR on account of its 
characteristic look. 
2.2 Scanning procedure 
The process of searching the interactions is called scanning. There are two 
methods of scanning the events: (i) line scanning and (ii) area scanning. In 
the present experiment line scanning was performed. In this procedure, each 
primary track is followed in a systematic manner from the entrance edge so 
that no interaction is missed. In the present study each beam track was picked 
up at least 3 mm from the entrance edge and followed till it interacted or 
left the pellicle from the air surface or glass surface of the emulsion. The line 
scanning was performed under 40X objectives and 20X eyepiece on NIKON 
binocular compound microscope. 
2.3 Methods of measurements 
2.3.1 Ionization measurements 
The ionization caused by a charged particle may be determined using any 
of the following methods on the track of the particle: (i) Grain density method, 
(ii) Blob density method, (iii) Blob and gap density method, (iv) Delta-ray 
method, etc. However, it may be pointed out that all the above methods have 
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certain limitations and none is applicable to all types of tracks. 
Grain-density method 
The grain density of a track is defined as the number of developed grains per 
unit length of the track. Knowing the grain density of a track, an important 
quantity called specific ionization, g*, which is taken as a suitable parameter 
for estimating ionization may be determined using 
«• = f^) 
where g is the grain density of any track and go the grain density of a primary 
track. This method is employed for the identification of the tracks produced 
by very energetic particles. 
Blob and gap niethod 
When the velocity of a charged particle is small, the ionization produced 
would be more which means that grains would frequently be formed close 
together and their exact counting becomes quite uncertain. In such cases, 
blob and gap method is employed for determining ionization. The method is 
based on the experimental observations of 0 ' Ceallaigh [8], who observed that 
the gap length distribution exhibited exponential behaviour governed by the 
following relationship: 
H(l) = B e - s ' 
where H(l) represents the density of the gap length greater than a certain 
length I and B is the blob density. The gap length / is so chosen that the 
1« 
number of blobs is approximately four times the number of holes. By counting 
the numbers of holes and blobs, the value of g is calculated using the above 
expression. 
Delta-ray method 
When the energy transferred by a charged particle, while traversing through 
nuclear emulsion, to atomic electrons is large enough to make these electrons 
produce secondary ionization, the result is a series of short tracks, brandling 
out from the main track. These tracks having certain minimum length are 
termed as (^-rays. Generally, the grain configuration to be counted as a ()-ray 
[9] must attain a minimum displacement of 1.58^ from the axis of the track. 
2.3.2 Identification of tracks 
The secondary tracks produced in the interactions of primary particles with 
target nuclei are classified [10] into shower, grey and black tracks depending 
upon the values of their specific ionization, g* (= -^). 
Shower tracks 
Shower tracks are produced by weakly ionizing particles having relative 
velocities /3 > 0.7 or specific ionization g* < 1.4. These particles are mostly 
pions. The number of these particles produced in an interaction is denoted by 
Us-
Grey tracks 
Grey tracks are produced by charged particles having relative velocities 
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lying in the interval: 0.3 < ;5 < 0.7. The particles producing grey tracks have 
specific ionization, g*, lying in the range 1.4 < g* < 10. Most of these parti-
cles are recoiling target protons which carry information about intra-nuclear 
cascading; a small number of deuterons and tritons may also produce grey 
tracks. The number of grey tracks in an interaction is designated by riy. The 
sum of the numbers of particles producing shower and grey tracks is termed as 
compound particle multiplicity and their number in a collision is represented 
by «(.(= rig + rig). 
Black tracks 
Black tracks are formed by the target associated particles, most of them are 
emitted due to the de-excitation of the excited target nucleus through evapo-
ration. The values of specific ionization, g*, of these particles are greater than 
10. These are mostly protons but may contain small percentage of multiply 
charged fragments. The number of these particles produced in an interaction 
is denoted by Ub. The black and grey tracks together are called heavy or heav-
ily ionizing tracks and their number in an interaction is represented by rih, 
that is, 71/1= ng + rit,. The total number of charged particles produced in an 
interaction is denoted by rich, where rich — ris+ rig + n^ 
2.3.3 Angular measurements 
For determining the space angle of a track with respect to the primary, its 
projected angle in XY plane and dip angle in YZ plane using Nikon binocular 
21 
compound microscope with lOOX oil immersion objective and 20X eyepiece, 
are measured directly. Once the projected angle, 6'p, and dip angle, 6'^ . are 
known, the space angle can be calculated using the following expression: 
s^ = cos"^(cos0p X cos^d) 
However, if the angular separation of the tracks is very small, then it would 
be quite difficult to measure their angles directly. In such cases, X, ^' and Z 
co-ordinates at two points on the track are measured and p^ and 0^ are calcu-
lated employing the following expressions: 
9p = t a n - ' ( g ) and 
0d = tan-Hi) 
However, dip angle, 9^, in the unprocessed emulsion is calculated from: 
e, = t a n - ( 5 ^ ) 
where SF is the shrinkage factor, which is the ratio of the thicknesses of the 
unprocessed to the processed emulsion. The space angle in such cases of small 
angular separation of tracks is estimated using the following expression Ih 
e, = cos-^[cos(tan-H§)) x c o s ( t a n - ' ( ^ ^ ) ) ; 
2.4 Details about the stack 
In the present study the characteristics of the interactions caused by '^ ^^ Si 
nuclei with nuclear emulsion are investigated. For this, a stack of ILFORD G5 
emulsion, exposed to 14.oA GeV/c silicon beam from AGS (BNL), is used. A 
random sample comprising of 283 interactions with rih > 0, where iih denotes 
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the number of charged particles produced in an interaction with relative ve-
locities 0 < 0.7, are analyzed. For classifying these interactions due to various 
targets - CNO, emulsion and AgBr, usual criteria are used. 
For examining the dependence of various parameters pertaining to multi-
particle production phenomenon on the energy and mass of projectile nuclei, 
the data involving 530 and 818 interactions with the same description pro-
duced in the interactions of 4.oA GeV/c ^*Si and ^^ C nuclei with emulsion, 
available in our laboratory, are also analyzed. 
2.5. Models of nucleus-nucleus collisions 
Relevant details about the models which have been proposed to explain the 
mechanism of multiparticle production in nucleus-nucleus interactions at high 
energies are presented below. 
2.5.1 Wounded nucleon model 
Wounded nucleon model [11] is regarded as one of the simplest models for 
explaining the phenomenon of multiparticle production in nuclear collisions. 
This model envisages the number of relativistic charged particles produced in 
nucleus-nucleus collisions, UAA, to scale with the mean number of wounded 
nucleons, W. The particle multiplicity in A-A collisions at a given projectile 
energy is expressed as, nAA(E) = | W npp(E), where Upp is the multiplicity in 
p-p collisions at an equivalent energy. 
The multiplicity per participating nucleon, M(= UAA/W), is a convenient 
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parameter for comparing the multiplicities observed in colliding systems of dif-
ferent sizes as in the frame work of wounded nucleon model, M is envisaged [12! 
to depend only on the dynamics of collision and not on the impact parameter, 
b. On the other hand, W depends on the nuclear radius, density and impact 
parameter. 
The number of wounded nucleons in a rmclear collision is estimated [Uj from; 
where apr is the total inelastic hadronic cross-section for the projectile nucleus 
interacting with the target and a^p and G^^T a-re the corresponding nucleon-
nucleus cross-sections; Ap and Ax are the masses of the projectile and the 
target respectively and W T and Wp are the numbers of wounded nucleons 
from the target and the projectile respectively. 
Maximum impact parameter, bmajo is used for calculating the number of 
wounded nucleons in a central A-A collision. Glauber approach [13] is used to 
compute the cross-section using inelastic hadronic cross-sections and nuclear 
density functions of the target and projectile. The value of bmax for the central 
events may be estimated using the expression: 
apan = 7rb^3, = ^ [2,3] 
where Ncentrai and Ntotai are the numbers of the central and total events for a 
given A-A collision sample. 
It may be noted that the cross-section for the excited nucleons due to 
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various interactions is assumed to be the sanrie as that for the unexcited ones, 
the number of target and projectile interactions may be estimated by making 
use of the following expressions: 
VT — ATCNN/CTNT and up = Apa^x/crNp [2.4] 
The total number of interactions caused by the projectile nucleons with the 
target nucleons may be obtained from: 
It has been reported [12,14,15] that the predictions of the wounded nucleon 
model are quite compatible with the results obtained for tlie experimental as 
well as FRITIOF data samples for 200 GeV/c p-Em, 200A GeV/c O- and S-
Em interactions and Pb-Pb collisions at 158 GeV per nucleon energy. 
2.5.2 Cascade Evaporation Model 
In this model [16], each of the colliding nuclei is considered as a Fermi gas 
of nucleons in the Wood-Saxon potential well, V(r), expressed as: 
V{r) = B+^ [2.5] 
where m is the nucleon mass and B represents the binding energy of the nucleus. 
An approximate expression for the momentum distribution of nucleons inside 
the nucleus is 
W{P)dP ~ P^dP with 0 < F < PF(r) 
The value of the Fermi momentum, Ppir), in terms of the nuclear density. 
p{r), may be written as: 
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P^{r) = i-(3^V(0)^ 2^.6] 
The effective mass of the nucleons of the projectile can be determined using 
m-V{r) 
rrieff -
where P is the four-momentum of the participating nucleons. 
In this model, a collision between two nuclei is regarded as the superposition of 
individual binary collisions amongst the nucleons of the two nuclei. Thus, the 
probability of scattering of/c*'' nucleon, after traversing without any interaction 
with (k-1) nucleons, is given by the following expression [1]: 
'^;fc = E t i ( l - 9 i k [2-8; 
The value of qi in terms of the interaction cross-section, Oi, for the i'^ ' nucleon 
may be calculated using the following expression: 
I2.9i 
where A^ is the de Broglie wave length, Xi^t is the strong interaction range 
taken [17] to be 1.3 fm. The cascading stage ends when the colliding nuclei, 
projectile and target nuclei, are separated by such a distance that the poten-
tial wells of these nuclei do not overlap further and all cascading particles are 
emitted from nuclei. 
2.5.3 Hydro dynamical Model 
Hydrodynamical models[18,19] assume the interaction mean free path of 
< 1 2b 
a particle to be very small in comparison to the size of the system. In the 
hydrodynamical models, the two colliding nuclei are visualized to be nuclear 
fluid drops which on interaction merge together and form another drop of fluid. 
The characteristics of the resulting nuclear fluid drop are governed by thermo-
dynamics. It may be mentioned that this concept of the collision is governed 
by certain primary conditions, such as the colliding nuclei nmst have a large 
number of degrees of freedom, i.e., collision time must be comparable with the 
time required for the system to reach an equilibrium state. The resulting drop 
formed by the two fluid drops corresponding to projectile and target nuclei is 
the main source[19] of secondary particles produced in the collision. 
2.5.4 Collective-tube model 
Collective tube model[20] considers each of the colliding nuclei to be com-
posed of parallel nuclear tubes lying along the beam direction. A collision 
between two nuclei, in this model, is thus, envisaged as superposition of many 
tube-tube collisions. The number of such collisions depends on the impact 
parameter and the cross-section. The approximate value of the cross-section, 
a, can be estimated from: 
a ~ ( j j 
where af^  is the inelastic cross-section for p-p interaction. 
In the centre-of-mass system, the colliding tubes look like narrow discs due 
to Lorentz contraction so that the tube-tube collision may be regarded as a 
n 
particle-particle interaction. 
The squared value of the centre-of-mass energy in a tube-tube collision is: 
Si„i, ~2ii i2mp '2.10] 
where ii and \2 are the numbers of nucleons in the projectile and target tubes 
respectively, p is the momentum per nucleon of the incident nucleus in the 
laboratory frame and m is the nucleon mass. 
In a nucleus-nucleus collision, it is assumed that the tube-tube collision in 
the centre-of-mass system resembles with the nucleon-nucleon collision at the 
same centre-of-mass energy. 
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CHAPTER III 
CHARACTERISTICS OF RELATIVISTIC 
28Si-NUCLEUS COLLISIONS 
3.1. Introduction 
Nucleus-nucleus collisions at high energies are believed to be rather very 
complex due to the geometry of the nuclear collisions and large number of 
participating nucleons. Presently, the main aim of the high energy heavy-ion 
physicists is to understand the properties of the densest and hottest form of 
matter that can be produced in the laboratory. In particular, one expects that 
the conditions, under which a phase transition from hadronic matter to QGP 
may occur, can be reached; the degrees of freedom of the new state of matter 
are essentially the constituents of hadrons, quarks and gluons [1]. Based on 
systematic and well focussed observations, significant information have accu-
mulated which reveal that the process of QGP formation is quite messy [2-41. 
It is worthmentioning that global observables of the collisions such as energy 
deposition, momentum spectra and multiplicity distributions of secondary par-
ticles are important aspects and their study is expected to be of tremendous 
help in investigating some interesting features of the transient state of nuclear 
matter [5-9]. 
This chapter essentially deals with the results of the investigation of some 
fascinating features of relativistic nuclear collisions such as mean multiplicity. 
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multiplicity distribution, correlations amongst the particles produced in 14.oA 
GeV/c ''^ '^ Si-nucleus interactions. Furthermore, for examining the dependence 
of these parameters on the incident energy and masses of projectile and target, 
the data on 4.5A GeV/c ^^Si- and ^^C-nucleus interactions, available in our 
Laboratory, are also analyzed with a clear view that outcome of the analysis 
will adequately address some of the outstanding issues concerning multiparti-
cle production in high energy nuclear collisions. 
3.2 Integral frequency distribution 
Integral frequency distributions of heavily ionizing particles produced in 
4.5A GeV/c ^^C- and ^^Si-nucleus and 14.5A GeV/c ^^Si-nucleus collisions are 
exhibited in Fig. 3.1. The integral frequency distribution for all the events 
can be nicely fitted by four distinct straight lines. Similar results have also 
been reported by other workers [10-12]. Different values of the slopes of these 
straight line segments can be interpreted as an indication of the presence of 
different dynamical situations existing in the nuclear collisions. The first line 
corresponds to the interactions due to light nuclei (H, C, N, O) in addition 
to peripheral collisions with heavy nuclei (Ag, Br). The second and third line 
segments are due to the phenomenon of superposition between peripheral and 
central collisions with heavy nuclei. The last line segment may be interpreted 
as due to the complete destruction of heavy target nuclei. 
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Fig. 3.1. Integral frequency distributions of iieavilv 
ionizing particles in "C- and " Si-nucleus 
interactions. 
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3.3 Mean multiplicity 
Mean multiplicities of various categories of charged particles produced in 
4.5A GeV/c ^*Si- and ^^C-nucleus interactions alongwith the values reported 
[13-18] earlier are given in Table 3.1. It may be interesting to note that knowl-
edge of the mean multiplicities of secondary charged particles, < n^ ; >, where 
x=:b, g, s and ch, allows to examine their dependence on projectile mass Ap] 
< n^ r > is visualized to vary with Ap as: < rzj; > oc Ap"'', where a^ is a con-
stant to be determined using the relevant data. The values of a^; for various 
secondaries are: Q!b=0.79±0.10, Q:g=0.69±0.08, and as=0.21±0.06, where b, g 
and s represent respectively the particles emitted with relative velocities, 13 < 
0.3, 0.3< l3 < 0.7 and P > 0.7. Mean multiplicity of relativistic charged parti-
cles, < Us >, is observed to rise rapidly with projectile mass. This behaviour 
is compatible with the predictions of the superposition models [19-20]. How-
ever, the mean multiplicities of black, grey and relativistic charged particles 
demonstrate strong dependence on the target mass. In order to investigate 
the dependence of the mean multiplicities of various secondaries on projec-
tile energy, values of these parameters obtained for 4.5A and 14.oA GeV/c 
^^Si-nucleus interactions, are listed in Table 3.2. It is interesting to note from 
the table that the values of < nj > and < Ug >, within the error limits, are 
insensitive to the projectile energy. This result is not in agreement with the 
predictions of the fireball model [21]. However, < n, > strongly depends on 
the projectile energy. 
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Table 3.1 Mean muliplicities of various types of secondaries produced in 
4.5A GeV/c '^C-, '^^ Mg- and ^^Si-nucleus interactions. 
Projectile 
nucleus 
i^C-H 
'2C-H 
24Mg-H 
2«Si-H 
28Si-H 
i^C-CNO 
i^C-CNO 
2^Mg-CN0 
24Mg-CNO 
28Si-CNO 
28Si-CNO 
^ He-Em 
^2C-Em 
22Ne-Em 
24Mg-Em 
28 Si-Em 
28Si-Em 
^'^C-AgBr 
'^C-AgBr 
^^Mg-AgBr 
^iMg-AgBr 
28Si-AgBr 
28Si-AgBr 
<nb> 
0.21±0.07 
0.18±0.04 
1.00±0.04 
0.15±0.05 
0.19±0.02 
1.42±0.15 
3.00±0.10 
1.45±0.08 
2.50±0.13 
2.12±0.11 
2.93±0.07 
4.70±0.20 
7.37 ±0.22 
4.22±0.03 
7.70±0.14 
4.32±0.40 
6.22±0.22 
13.70±0.26 
5.20±0.14 
8.83±0.22 
9.68±0.18 
8.38±0.43 
13.31±0.30 
<ng> 
0.17±0.06 
0.32±0.05 
0.34±0.05 
0.21±0.02 
0.20±0.04 
1.20±0.12 
1.57±0.07 
1.78±0.08 
1.95±0.17 
2.42±0.13 
1.53±0.06 
4.70±0.20 
5.51±0.21 
6.32±0.04 
12.39±0.20 
6.50±0.21 
8.43±0.15 
5.94±0.35 
7.54±0.15 
13.22±0.40 
12.75±0.35 
13.49±0.69 
7.38±0.30 
<ns> 
3.13±0.26 
2.27±0.19 
2.04±0.15 
6.92±0.54 
5.30±0.14 
4.21±0.15 
4.98±0.22 
5.93±0.30 
9.20±0.35 
10.30±0.54 
7.84±0.35 
4.40±0.10 
6.91±0.19 
10.53±0.43 
12.37±0.22 
15.32±0.22 
10.20±0.22 
8.87±0.26 
8.54±0.12 
15.60±0.44 
13.09±0.25 
24.44±0.26 
17.09±0.58 
References 
16 
Present work 
17 
16 
Present work 
18 
Present work 
17 
18 
15 
Present work : 
13 
Present work 
14 
18 
15 
Present work 
Present work 
18 
17 
18 
15 
Present work 
34 
Table 3.2 Mean multiplicities of various types of secondaries produced in 
4.5A GeV/c and 14.5A GeV/c ^'^Si-nucleus interactions. 
Energy 
per 
nucleon 
14.0 GeV 
4.5 GeV 
Mean 
multiplicities 
<ng> 
< ni > 
< ris > 
<nch > 
<ng> 
< nt > 
<ns > 
<nch > 
28Si-H 
0.20±0.06 
0.25 ±0.07 
10.75±0.34 
11.20±1.20 
0.20±0.04 
0.19 ±0.02 
5.30±0.14 
8.89±0.90 
28Si-CNO 
1.67±0.11 
2.60±0.14 
11.99±0.71 
16.26±0.69 
1.53±0.06 
2.93±0.07 
7.84±0.3o 
12.30±0.36 
28Si-Eni 
8.24±0.21 
5.65±0.31 
15.07±0.62 
29.06±1.35 
8.43±0.15 
6.22±0.22 
10.20±0.22 
24.85±0.62 
2»Si-AgBr 
II 
5.94±0.35 
10.72±0.39 
19.37±1.02 ! 
36.03±1.80 
7.38±0.30 
13.31±0.30 
17.09±0.58 
37.79±0.95 
-^ 
Fig. 3.2 shows the variations of - ~ with the number of grev tracks pn> 
duced in 4.5A and 14.5A GeV/c '^ *^Si-nucleus collisions and 4.5A GeV/c '-^C-
nucleus collisions, where D=[< Us'^ > - < n^ >^]^ ; the value of — ^ varies 
with Ug in the following fashion, 
^ = (0.93±0.11)(nj'-°'^^°°') for 4.5A GeV/c ^^C-nucleus collisions 
^ = (1.19±0.14)(n3)^-°''^°°'^ for 4.5A GeV/c ^ssi-nucleus collisions 
^ = (0.87±0.04)(n,)^-'''^""'^ for 14.5A GeV/c ^^Si-nucleus collisions 
It is seen from Fig. 3.2 that ^ ^ decreases with increasing Ug. This result 
is contrary to the predictions of the collective tube model [22], which envis-
ages that ^ ^ should not change with Ug and favours a model which takes 
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Fig. 3.2. Variations of D / <n > with the number of grey tracks 
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for C- and Si-nucleus interactions. 
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into account the number of repeated collisions [23]. Similar results have also 
been reported by other workers [19,24]. 
3.4 Mean normalized and mean reduced multiplicities 
Mean normalized multiplicity, R^, and mean reduced multiplicity, R5, are 
considered to be very useful parameters for testing the predictions of various 
models proposed to explain the mechanism of hadronization in the final state 
of particle production in hadron-nucleus collisions. However, a little attention 
has been paid to study these parameters in relativistic nuclear collisions. Mean 
normalized multiplicity is defined as, R^ = <n3>AA ^ where < rig >AA is the 
average number of relativistic charged particles produced in A-A collisions and 
< ^s >pp is the average number of relativistic charged particles produced in 
p-p collisions at the same projectile energy, whereas mean reduced multiplicity 
is defined as: Rs = ^^'^'^'^, where < n<, >pA is the average number of rela-
tivistic charged particles produced in proton-nucleus collisions and is related 
to < ris >pp as [25-27]: 
< n, >pA = 2.34< n, >pp 4.12. 
In order to study the dependence of R^ and R5 on the projectile mass, 
their values are determined for 4.5A GeV/c ^^C-, ^^Ne-, ^^Mg- and '^^ Si- nu-
cleus collisions and these values are presented in Table 3.3. Furthermore, for 
examining the dependence of these parameters on target mass, the values of 
RA and R5 are determined for CNO, AgBr and emulsion targets for the inci-
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dent beam of ^^Si nuclei having 14.5 GeV energy per nucleon. Values of R.4 
and R5, obtained for various targets, are also given in Table 3.3. 
Table 3.3(a) Values oiRA and Rs for various projectiles 
having 4.5 GeV energy per nucleon. 
Interaction type 
-^ He-Em 
^^C-Em 
22Ne-Em 
^''Mg-Em 
2«Si-Em 
< «s >AA 
3.90±0.10 
6.91±0.19 
10.53±0.10 
12.37±0.22 
10.20±0.22 
R4 
1.54±0.04 
2.81±0.06 
4.41±0.02 
4.81±0.09 
5.76±0.06 
Rs 
2.06±0.01 
4.12±0.07 
6.17±0.03 
6.54±0.12 
8.20±0.12 
Reference 
13 
Present work 
14 
18 
Present work 
Table 3.3(b) Values of R^ and R5 for various targets in 
14.5A GeV/c ^*Si-nucleus interactions. 
Interaction type 
2«Si-H 
'*^Si-CNO 
28Si-Em 
''«Si-AgBr 
< ns >AA 
10.75±1.34 
11.99±0.71 
15.07±0.62 
19.37±1.02 
R^ 
1.86±0.23 
3.59±0.13 
4.66±0.20 
5.16±0.31 
Rs 
1.02±0.33 
2.56±0.30 
3.42±0.20 
4.16±0.16 
Reference 
Present work 
do 
do 
do 
Fig. 3.3 exhibits the variations of R^ and R5 with the projectile and target 
masses; RA{S) have been observed to vary with AT{P] as: RA{S) OC (-4r(p))". 
Following relationships are found to represent the above variations for 14.oA 
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Fig. 3.3. Variations of R^ aiid R^  witli the masses of 
projectile and target. 
3^ 
GeV/c ''^ ^Si-nucleus collisions: 
R^ = (1.34 ± 0.02) V-22±°° 'and 
R5 = (1.03±0.05)A/-^"^o'^'' ] [3.1a] 
and for the data involving the beams of ^^C, ^^Ne, ^''Mg, '^ S^i nuclei, each hav-
ing 4.5 GeV energy per nucleon, the following expressions are the best fits to 
the data: 
RA = (0.82 ± 0.03)Ap'^ *^ *^ =^ "-"^  and 
R5 = (0.93±0.01)Ap«-^^±«°^ ] [3.1b] 
It is seen from Table 3.3 that both R^ and R5 depend on the masses of pro-
jectile and target nuclei and the dependence of RA{S) on Ap is relatively more 
stronger in comparison to RA{S) dependence on AT. 
3.5 Multiplicity distribution 
Multiplicity distribution of secondary charged particles is considered to be 
quite useful as it is regarded as one of the most sensitive characteristics of rela-
tivistic rmclear collisions for testing the predictions of various phenomenologi-
cal and theoretical models proposed to explain the mechanism of multiparticle 
production in relativistic heavy-ion collisions. 
Multiplicity distributions of relativistic charged particles and compound 
multiplicity, (ric), for 4.5A and 14.5A GeV/c ^^Si-nucleus collisions are dis-
played in Figs.3.4 and 3.5. From the figures it is clear that the shapes of 
the distributions of n^ and Uc are nicely reproduced by the negative binomial 
4n 
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Fig. 3.4. n distributions for 4.5A and 14.5A GeV/c "** Si-nucleus collisions. 
The curves in the figures represent the NBD fits. 
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distribution(NBD) [28] having the form: 
p{n,<n>,k) = k{k + l) {k + n-l){j=^) (^^^) 13.2; 
<n> n I I <7i> . k 
where ri is the multiplicity and < n > denotes the mean multiplicity and the 
value of k is determined using: 
i + ^ = £1M [3.3] 
k ' <n> <n>2 L J 
It is quite clear from Figs. 3.4 and 3.5 that an increase in the target size does 
not lead to any significant change in the shapes of the distributions for CNO 
and emulsion groups of nuclei. However, for AgBr targets, both ris and n,. dis-
tributions become relatively wider as compared to those for the interactions 
due to CNO and emulsion targets at both the energies. The values of esti-
mated mean multiplicity; < n >est, k and x^/D.F. for the fits, obtained using 
the CERN standard programme MINUIT are listed in Table 3.4. The values of 
< '^ s >e.st and < ric >f,st obtained by the NBD fit are comparable with the cor-
responding experimental values. However, the ris distributions for the events 
with rifi >12 and Uh >19 for the two incident energies, displayed in Fig. 3.6, 
are described quite well by both NBD and Gaussian distributions. The values 
of < n >est, k and x^/D-F- are tabulated in Table 3.5. The values of < n >,.st 
for both negative binomial distribution (NBD) and Gaussian distribution(GD) 
fittings are found to be quite compatible with the corresponding experimental 
values. 
a 
0 00 t—. u 
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•o 
c 
•o 
0 08 
C 
•o 
28 . 
Fig. 3.6. n distributions for two groups of interactions for 4.5A and 14.5AGeV'/c 
Si-nucleus collisions. Curves in the figures shown by continuous and 
broken lines are due to NBD and Gaussian fits to the data respectiveh . 
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Table 3.4 Values of the parameters appearing in Eq. 3.2 for 4.5A and 
14.5A GeV/c ^^Si-nucleus for CNO, emulsion and AgBr 
groups of interactions. 
Energy 
per 
nucleon 
4.5 GeV 
14.5 GeV 
Interaction 
type 
28Si-CNO 
28Si-Em 
28Si-AgBr 
28Si-CNO 
28Si-Em 
28Si-AgBr 
ris 
<ns> <ns >es 
7.84 
±0.35 
10.20 
±0.22 
17.09 
±0.58 
11.99 
±0.71 
15.07 
±0.62 
19.37 
±1.02 
7.64 
±1.77 
11.87 
±0.71 
18.93 
±0.47 
11.71 
±0.51 
15.83 
±0.63 
19.41 
±0.54 
xV 
, k D.F. 
1.22 0.98 
±0.43 
1.78 1.00 
±0.71 
1.78 0.76 
±0.78 
2.71 0.95 
±0.12 
2.21 0.57 
±0.13 
1.00 1.51 
±0.06 
ric 
<ric> < Uc >est 
9.37 
±0.34 
13.81 
±0.37 
22.60 
±0.74 
13.66 
±0.72 
16.55 
±0.65 
25.25 
±1.24 
9.09 
±0.17 
12.85 
±0.29 
25.90 
±1.76 
13.23 
±0.28 
16.93 
±0.34 
24.36 
±2.00 
xV 
k D.F. 
1.69 1.20 
±0.74 
0.81 1.27 
±.03 
2.16 1.30 
±.80 
3.22 0.93 
±.22 
2.36 1.51 
±.13 
0.60 1.12 
±.04 
Dependence of multiplicity distribution on projectile energy 
Fig.3.7 exhibits the multiplicity distributions of various types of particles 
produced in 4.5A and 14.5 A GeV/c ^^Si-nucleus interactions. The percentage 
of the interactions having n^  values in the interval 4< n^ <14 tends to increase 
with increasing incident energy [Fig 3.7a]. However, beyond ^(,=14 for the case 
of higher incident energy, this percentage is observed to decrease. 
Tig distributions for both the incident energies [Fig 3.7b] are observed to be 
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Fig. 3.7. Multiplicity distributions of various types of secondary particles 
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produced in Si-nucleus interactions at the two incident energies. 
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essentially similar for the interactions having Ug >7. It is seen that the dis-
tribution for the higher incident energy is enriched by the events having lower 
iig values. On the other hand, n^  distributions for 4.5A and 14.oA GeV/c 
^^Si-nucleus interactions, exhibited in Fig. 3.7(c), show that with increasing 
energy the number of events having higher n^  values increases. It may further 
be stated that with increasing projectile energy, relativistic charged particles 
are copiously produced in the forward cone. It may be of interest to mention 
that the shape of the, n^ distribution, plotted in Fig. 3.7(d), changes appre-
ciably with increasing projectile energy. 
Table 3.5 Values of the parameters appearing in Eq. 3.2 for 4.5A GeV/c and 
14.5A GeV/c •^ ^Si-nucleus collisions characterized by nh >12 
and rih >19. 
Interaction 
type 
rih >12 
rih >19 
Energy per 
nucleon 
4.5 GeV 
14.5 GeV 
4.5 GeV 
14.5 GeV 
<ns> 
19.59 
±0.65 
22.20 
±1.20 
23.10 
±0.79 
26.12 
±1.62 
NBD 
< ^ s >esi 
19.94 
±3.20 
22.78 
±1.98 
24.26 
±1.20 
28.40 
±2.56 
k 
2.79 
±0.14 
5.98 
±0.54 
4.28 
±0.46 
1.04 
±0.49 
XVD-F. 
0.94 
0.65 
0.76 
1.04 
Gaussian 
distribution 
< '^s >es« 
19.10 
±1.88 
25.10 
±1.43 
22.26 
±2.26 
27.69 
±2.59 
[ 
1 
x'VD.F.i 
1 I 
0.59 
! 
0.73 
0.71 
0.74 
1 
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Dependence of multiplicity distribution on projectile mass 
Multiplicity distributions of various charged particles produced in the colli-
sions of ^^Si and ^^ C nuclei with emulsion at 4.5A GeV/c are shown in Fig. 3.8. 
It is seen from the figure that the distributions are quite similar for the in-
teractions having higher multiplicities for both the projectiles, whilst in the 
region 2< Ux <6 (x = b, g, h), the distributions for '"^^Si-nucleus interactions 
are observed to be enriched by the events having relatively smaller values of 
Ux- However, n^ distribution, shown in Fig. 3.8(c), reveals that the shape 
of the distribution appreciably changes with increasing projectile mass; the 
distribution becomes relatively wider for the interactions caused by ^^Si nuclei 
as compared to those for the collisions caused by ^^ C nuclei. 
3.6 Multiplicity Correlations 
Several workers[19, 29-31] have investigated the correlations of the type 
< ni{nj) > where i, j= b, g, s and h with i ^^  j , over a wide incident energy 
range involving different projectiles . In this section, various types of multi-
plicity correlations amongst particles produced in the interactions of 4.5A and 
14.5A GeV/c ^^Si nuclei and 4.5A GeV/c ^^ C nuclei with emulsion are exam-
ined. 
Variations of < Ux > with Ug 
Variations of < rz^ , > , x = 6, g and h with n^ for 4.5A and 14.oA GeV/c 
'•^^Si-nucleus and 4.5A GeV/c ^^C-nucleus collisions are shown in Fig. 3.9. The 
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5(1 
Si-nucleus collisions. 
following relations have been obtained with the help of the least squares fits 
to the data. 
<nb> = (3.14±0.r7)+ (0.79±0.01) n, 
<ng> = (1.49±0.27)+ (0.59±0.05) n, 
<nh>^ (4.93±0.40)+ (1.34±0.06) n, 
for 14.5A GeV/c ^^ f 
< rii > = (2.76±0.50)+ (0.41±0.03) 
< ng > = (0.78±0.45)+ (0.22±0.03) 
<nh> = (3.41±0.34)+ (0.58±0.08) 
for 4.5A GeV/c ^^Si-
< nb > = (1.56±0.14)+ (0.49±0.01) n, 
<ng> = (0.42±0.09)+ (0.31±0.01) n, 
< rift > = (2.03±0.29)+ (0.86±0.03) n, 
for 4.5A GeV/c '^C-nucleus collisions. 
nucleus collisions and 
It is interesting to note from Fig. 3.9 that < n^ > strongly depends on n^  
However, the dependence of < n^ > and < n^ > on n^  is rather weak. 
Variations of < Ux > with rig 
The correlations between < n^ > and rig, where x = h, h for 4.5A and 
14.5A GeV/c ^*Si-nucleus and 4.5A GeV/c '^C-nucleus collisions are displayed 
in Fig. 3.10. The straight lines in the figures are the least squares fits to the 
data yielding the following relationships: 
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5 0 
<nb> ^ (3.61±0.25)+ (0.91±0.04) iig 
<nh> = (4.73±0.58)+ (1.81±0.14) n^ 
for 4.5A GeV/c ^^C-nucleus collisions, 
< « ( , > = (3.58±0.40)+ (1.14±0.08) rig 
< n^ > = (4.60±0.45)+ (2.09±0.09) rig 
for 4.5A GeV/c ^^Si-nucleus collisions and 
< rib > = (3.14±0.17)+ (0.78±0.01) n^ 
<nh> = (4.93±0.40)+ (1.34±0.06) n^ 
for 14.5A GeV/c ^^Si-nucleus collisions. 
It is observed that < rit, >-ng correlation is quite weak, whereas < n^ , > is 
found to be quite strongly correlated with rig . A comparison of the variations 
of < nt > and < Uh > with Ug for the interactions caused by ®^Si nuclei having 
4.5A and 14.5A GeV energies reveals that the values of < rit > and < Uh > 
become relatively less dependent on Ug with increasing projectile energy. 
Variations of < rih, > with rit, 
Variations of < n^ > with rib for 4.5A and 14.5A GeV/c ^^Si-nucleus and 
4.5A GeV/c ^^C-nucleus colhsions are shown in Fig. 3.11. The variations of 
< rih > with rih are nicely fitted by the straight lines having the following 
forms: 
<nh> = (2.10±0.r7)+ (1.33±0.04) n^  
for 4.5A GeV/c ^^C-nucleus collisions. 
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<nh> = (1.80±0.11)+ (1.39±0.02) n,, 
for 4.0A GeV/c ^^Si-nucleus collisions and 
<nh> = (2.30±0.20)+ (1.56±0.03) n^  
for 14.5A GeV/c ^*^Si-nucleus collisions. 
It is seen from Fig. 3.11 that there is a strong correlation between < rih > 
and rit,. Further, it may be noted that the variation of < w/j > with rif, is in-
sensitive to both mass and projectile energy. 
Model independent calculations have been performed for obtaining the 
numbers of projectile and target participants, Pproj, Ptarg, respectively and 
number of binary collisions (Be) for different target nuclei for the data on 14.5A 
GeV/c ^^Si-nucleus collisions. For this purpose, the values of the inelastic 
cross-sections for proton-proton, {app) and proton-nucleus, {apA), interactions 
are taken from reference [10] and for estimating the inelastic nucleus-nucleus 
cross-sections, ((7ApAt)> the analytical expression [32]: 
aA,A, = 7r(1.23 x lO-'^)^[{Ap'^ + A'^) - (1.56 - 0.2{Ap'^ + yl,5))]2 cm^ [3.4j 
is used. It may be mentioned that Ap and At represent the mass numbers of 
the projectile and target nuclei respectively. The numbers of projectile and 
target participants, Pproj, Ptarg, respectively, and binary collisions. Be, are 
calculated using the expressions: 
P ApQ-pA^ . _ , 
P targ 
AtCpA 
( ^ADA, 
p [3.5b] 
^1 Aza(f 
"D Ap At<Tpp 
<TApAt 
*. 
y // [3.5CJ 
The values of Pproj, Ptarg and Be, etc., are giverr-m'Table 3.6. From tlie 
table it is seen that the inelastic cross-sections for the interactions due to CNO. 
emulsion and AgBr targets, calculated using Eq.3.4, agree reasonably well with 
Table 3.6 Values of 
14.5A GeV/c ^^Si-nucleus interactions. 
Interaction type 
2«Si-H 
28Si-CNO 
2»Si-Em 
'-^ ^Si-AgBr 
^exp 
(mb) 
600±24 
1212±35 
1284±36 
2779±53 
(mb) 
495±22 
1172±34 
1318±36 
2693±51 
p 
-' pro J 
2.10 
6.10 
8.79 
9.89 
P 
•' targ 
0.07 
3.05 
21.99 
33.20 
Be 
1.78 
10.77 
24.37 
29.37 
their corresponding experimental values. Using the data presented in Tables 
3.1 and 3.2, the dependence of the average value of the total number of charged 
particles, < rich > , on the product of the projectile and target masses, ApAt for 
different groups of target nuclei has been examined and the result is displayed 
in Fig. 3.12(a); the variation of < rich > with ApAt is nicely reproduced by 
the following analytical expression: 
<nch> = (2.96±0.23) (Ap.4i)^ o-30±o.o2) [3.6; 
The variation of < rich > with the number of binary collisions, B^, for the 
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^1 
interactions of 14.5A GeV/c ^^Si nuclei with H, CNO, AgBr and emulsion 
groups of targets are shown in Fig. 3.12(b). A least squares fit to the data 
yields the following relationship between < rich > and B^: 
< ncft > = (0.75±0.06)Be + (8.57±0.95) [3.7] 
It is worthmentioning that the increase in < rich > with increasing B^ may be 
attributed to the increase in the overlap area of the two colliding nuclei. 
5X 
References: 
1. H. R. Schmidt and J. Schukraft: J. Nucl. Pari. Phys., G19, (1993) 
1706; F. Becattini, J. Cleymans, A. Keranen, E. Suhonen and K. Redlich 
: Phys. Rev., C64, 024901, (2001) 1. 
2. J. W. Harris and Berndt Muller: hep-ph/9602235, Feb, (1996); Deines-
Jones, M. L. Cherry, A. Dabrowska et al: Phys. Rev., C62, 014903, 
(2000) 1. 
3. U. Heiz et al: Nucl. Phys., A661, (1999) 140c. 
4. M. M. Aggarwal : Proced. of Int. Conf. on Phys. and Astro Phys. of 
QGP March 17-21, Jaipur, India, (1997) 189. 
5. A-ABDDKCLMTU-B Collaboration : Z.Phys., A302, (1981) 133. 
6. M. K. Hegab, M. T. Hussein and N. M. Hassan : J. Phys., G16, (1990) 
607. 
7. D. Ghosh, Jaya Roy and Ranjan Sengupta : Nucl. Phys., A468, (1987) 
719. 
8. J. Boguta : Phys. Lett., B109, (1982) 251. 
9. A. El. Naghy, N. N. Abd. Allah : Turkish J. Phys., 18, (1994) 1106. 
10. M. A. Jilany, N. N. Abd. Allah and A Abd. Eldain : Int. J. Mod. Phys., 
E4, No. 4, (1995) 815. 
11. M. A. Jilany : Ph. D. dissertation Assiut Univ. Sohag Egypt, (1990) 
12. M. E]-Nadi, M. S. El-Nagdy, E. A. Shaat, Z. Abou-Moussa, S. Kaniel 
and A. M. Abdalla: Int. J. Mod. Phys., E6, No. 1, (1997) 135. 
13. G. Singh et al : Phys. Rev., C43, (1991) 2417. 
14. N. R Andreeva et al: Sov. J. Nucl. Phys., 45, (1987) 78. 
15. B. K. Singh : Ph. D. dissertation submitted to B. H. Univ., India, (1995) 
16. M. S. Khan : Ph. D. dissertation submitted to Jamia Millia Islarma 
Univ., New Delhi, India, (1993) 
17. S. El. Sharkawy et al: Phys. Scripta, 47, (1993) 512. 
18. D. Ghosh et al: Nucl. Phys., A499, (1989) 815. 
19. Tauseef Ahmad and M. Man : Nuvo. Cim., A106, No.2, (1993) 171. 
^^ 
20. A. Capella and Y. Tran Than Yan : Phys. Lett, B93, (1980) 146. 
21. J. Gosset, H. H. Gutbrod, H. G. Meyer, A. M. Poskanzer, A. Sandval, 
R. Stock and G. D. Westfall : Phys. Rev., C16, (1977) 629. 
22. S. A. Azimov, G. M. Chernov, K. G. Gulamov, V. S. Navotny and N. S. 
Scripnik : Phys. Lett, B73, (1978) 339. 
23. I. Otterlund : Report LUIP 7904, (1979) 
24. Tauseef Ahmad, M. Tariq, M. Irfan, M. Zafar, M. Z. Ahsan and M. Shah 
: Acta Phys. Pol, B20, (1989) 701. 
25. M. I. Adamovich et al: Mod. Phys. Lett, A5, (1990) 190. 
26. P. L. Jain et al : Phys. Rev., C43, (1991) R2027. 
27. G. Baroni et al : Nucl. Phys., A531, (1991) 191. 
28. G. J. Alner et. al (UA5 Collaboration): Phys. Rev. Lett, 160B, 
(1985) 199; D. Ghosh et al: Nuov. Cim., 104A, No. 5, (1991) 683: 
A. Mukhopadhyay et al: Nuvo Cim., A106, (1993) 967; J. Cugnon : 
Phys. Rev., A327, (1987) 187. 
29. M. Tariq, M. Zafar , A. Tufail and S. Ahmad : Int J. Mod. Phys.. E4. 
No. 2, (1995) 347. 
30. M. Saleem Khan, H. Khushnood, A. R. Ansari and Q. N. Usmani : Nuvo 
Cim., A108, No.2, (1995) 147 
31. I. Otterlund et al : Phys. Lett, B142, (1987) 445. 
32. H. C. Brandt and Peters : Phys. Rev., 77, (1950) 
fiO 
CHAPTER IV 
ANGULAR CHARACTERISTICS OF RELATIVISTIC 
CHARGED PARTICLES PRODUCED IN ^^Si-NUCLEUS 
INTERACTIONS 
4.1 Introduction 
Useful information about the dynamics of relativistic nuclear collisions may 
be obtained [1-2] by studying the angular characteristics of relativistic charged 
particles. Further, by examining the angular features and comparing these 
with the predictions of various models on nucleus-nucleus collisions, interest-
ing conclusions regarding production mechanisms may be drawn. 
In this chapter, general features of angular distribution of relativistic charged 
particles produced in 14.5A GeV/c ^^Si-nucleus interactions are compared with 
those for 4.5A GeV/c ^^Si-nucleus interactions. Emission characteristics of 
relativistic charged particles such as clusterization and the dependence of the 
cluster size on the mass of the struck nucleus, projectile energy and n^ . are 
studied. 
Pseudorapidity distribution of relativistic charged particles is an important 
aspect of high energy collisions and is believed to yield invaluable information 
about the dynamics of the collisions. The Lorentz invariant rapidity variable, 
y, is defined as: y— \ln^^^, where E and p^  represent respectively the total 
energy and longitudinal momentum of a particle. It is worthmentioning that 
in nuclear emulsion experiments, rapidity of particles can not be measured di-
61 
rectly and hence pseudorapidity variable, rj, which is almost Lorentz invariant 
is used. For a relatively faster particle (/3 ~ 1), pseudorapidity is expressed 
as 77 = —In tan ( | ) , where 9 is the angle made by a relativistic charged par-
ticle with the mean direction of the incident beam. In the following section, 
dependence of various interesting features of relativistic charged particles on 
the projectile energy and Ug are examined. 
4.2 Pseudorapidity distribution 
The normalized pseudorapidity distributions, (Y^^), of relativistic charged 
particles produced at the two incident energies are exhibited in Fig. 4.1. It 
may be mentioned that rj distributions of relativistic charged particles pro-
duced in hadron-hadron, hadron-nucleus and nucleus-nucleus collisions over a 
wide range of incident energies are nicely reproduced [3] by Gaussian distri-
bution. This fact is reflected in Fig. 4.1 in which the rj distributions for the 
two incident energies are reproduced fairly well by the Gaussian distribution. 
It may be mentioned that the curves in the figures are the Gaussian fits to the 
data. 
For investigating the dependence of ry distribution on n^, 77 distributions for 
three ns-groups:(i) n^  < 9, (ii) 10 < Uj < 20 and (iii) n^  > 21 are exhibited in 
Fig. 4.2. It is seen from the figure that the peaks of the distributions occur 
in the central part of the rj spectra and tend to shift towards relatively lower 
values of rj with increasing n^  and the heights of the peaks of the distributions 
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tend to increase with increasing projectile energy. 
4.3 Shower width distribution 
Distributions of shower widths, R{ri), defined [4] as: R(ri) 
where rjmax and rjmm are the maximum and minimum rapidities in each event, 
are plotted in Fig. 4.3 for the two incident energies. Peaks are observed in 
the central regions of the rapidity width distributions for both the projectiles 
and the heights of the peaks slightly increase with increasing projectile energy. 
Furthermore, the rapidity width space occupied by the charged particles also 
slightly increases with increasing projectile energy. 
Pseudorapidity width distributions of relativistic charged particles pro-
duced in 4.5A and 14.5A GeV/c ^^Si-nucleus interactions for the three n^ . 
intervals are shown in Fig. 4.4. The figure shows that R{r}) distribution 
strongly depends on n^. In the same figure it may also be seen that the peaks 
of the distributions shift towards higher values of R{r]) with increasing Uj and 
hence more particles are produced having larger rapidity widths for higher n^ . 
values. 
4.4 Clusterization of relativistic charged particles in A-A collisions 
It is commonly believed [5-9] that relativistic particles in hadronic and 
heavy-ion collisions are emitted via the formation of some intermediate states, 
for example, fireballs, nova, clusters, etc. It has been reported by a number 
of workers [10-12] that in h-h and h-A collisions, clusters of different sizes 
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28 
produced in 4.5A and 14.5A GeV/c Si-nucleus interactions 
for three n -intervals. 
di 
are formed, which in turn decay to real physical particles. It has also been 
observed [7,12-16] in the case of h-h and h-A collisions that there might be 
several clusters present in an interaction and the size of the clusters strongly 
depends on the number of relativistic charged particles produced in the col-
lisions. However, very few attempts [5-6] have been made to investigate the 
characteristics of clusters formed in high energy nuclear collisions. 
The phenomena of clusterization and correlations amongst the relativistic 
charged particles may be investigated by examining the features of rapidity and 
rapidity spacing spectra in the frame work of multiperipheral cluster model [17]. 
An attempt is, therefore, made to investigate correlations and clusterization of 
relativistic charged particles produced in A-A collisions by studying the vari-
ous features of rapidity and rapidity-gap distributions between the n*'' nearest 
neighbours. Findings of the present study are compared with those reported 
earlier [7,12] for p-p and p-A collisions at widely different energies. 
4.4.1 Variations of << 77 >> and < D{rj) > with n^  
It has been suggested by Berger et al [18] that information about forma-
tion of clusters may be gleaned by studying the behaviour of dispersion of r/ 
distribution, D{r})-[ < rf > < r; >^]^. Values of < 77 > and D{ri) of relativis-
tic charged particles produced in 4.5A and 14.5A GeV/c ^^Si-Em interactions 
are estimated for each event. The average values of these parameters for all 
the events having the same n^  values are then determined and are denoted bv 
fiK 
< < T] » and < D{rj) >. Variations of << T] » and < D{T]) > with n^  are 
displayed in Fig. 4.5. It is evident from the figure that « rj » decreases 
with increasing n^  values. The value of < D{r]) > is observed to increase witli 
n^  up to ns < 20, and beyond this value < D{TJ) > acquires essentially a con-
stant value. The trends of the variations of the two parameters with n^ . are 
found to be independent of the projectile energy. Incidentally, this trend of 
variation of < D{T]) > with n^  is in agreement with the predictions of nmltipe-
ripheral cluster model[l7] for both the incident energies. This model envisages 
that the value of < D{TJ) > should be independent of n^. This, therefore, re-
veals that the particles are produced via the formation of clusters as predicted 
by multiperipheral cluster model. Similar results have also been reported [4,6j 
for p-N and ^^C-Em collisions. 
4.4.2 D(?7) distribution of relativistic charged particles 
Information regarding clusterization amongst relativistic charged particles 
produced in relativistic nuclear collisions may be obtained by investigating the 
dispersion of 77 distribution for each event separately. It has been suggested 
[18] that in an event having D{rj) < 0.9, a single isotropic cluster would be 
formed. Distributions of D{rj) at the two incident energies are exhibited in 
Fig.4.6. It is clear from the figure that discernible peaks occur in the central 
part of 0(77) distributions. It may also be noted from the figure that the peaks 
tend to shift towards lower values of D{r]) with increasing projectile energy. 
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For examining the dependence of 0(77) distribution on n^, the data samples 
are divided into three distinct groups, namely, (i) n^  < 9, (ii) 10 < n^  < 20 
and (iii) n^  > 21. D{r]) distributions for the three groups of events at the two 
energies are plotted in Fig. 4.7. It may be noted from the figure that the 
behaviour of D{r]) distribution remains essentially the same for all the cate-
gories of events excepting that the height of the central plateau increases with 
increasing n^. It is interesting to note from the figure that D{r}) distributions 
for the three groups of interactions at the two energies are almost similar in 
the region characterized by D{rj) < 0.5. This, therefore, indicates that clus-
terization amongst the produced particles does not depend on n^. 
4.4.3 Minimum rapidity gap distribution 
Particles arising due to the decay of a cluster are expected to lie closer 
[4] to each other in the rapidity space. It has been suggested [20] that the 
rapidity gap separation between two adjacent particles coming from the decay 
of a cluster should be <0.1. Hence, by evaluating the minimum rapidity gaps 
between the nearest neighbours for each event and by examining the behaviour 
of their distributions, useful conclusions about the mechanism of production 
of clusters may be drawn. 
Distributions of the minimum rapidity gaps between two consecutive rel-
ativistic charged particles at the two incident energies are displayed in Fig. 
4.8. It may be noticed from the figure that sharp peaks do occur at relatively 
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smaller values (r^i„ < 0.02) of the rapidity gaps, indicating thereby that a 
majority of the events have rapidity gap separations < 0.02 between two adja-
cent particles. Thus, the probability of events in the region around the lowest 
Trnin valuc, that is, Vmin < 0.02 is comparatively larger than those expected on 
the basis of multiperipheral cluster model [17]. Furthermore, the probability 
of events in each r^in interval decreases more rapidly with increasing Vmm than 
that expected on the basis of the predictions of the model. Finally, it can be 
concluded from the figure that majority of the events have r„i„ < 0.1, which 
is the the most probable separation between the particles originating from the 
same cluster [19-20]. It may, therefore, be concluded that most of the interac-
tions considered in the present study possess at least one cluster. 
4.5 Characteristics of clusters produced in A-A collisions 
Emission characteristics of particles produced in high energy hadronic and 
nuclear collisions have been extensively studied by Shakeel et al [4] and Tauseef 
Ahmad et al [21]. By now the idea of particle production through the decay 
of clusters has gained a good degree of acceptability [19, 22-25]. Numerous 
attempts [4,11 — 13 and references there in] have been made to investigate the 
characteristics of clusters produced in h-h and h-A collisions at widely different 
energies. However, only a few attempts [5-6] have been made to investigate the 
phenomenon of clusterization in relativistic A-A collisions. It was, therefore, 
considered worthwhile to study cluster formation and the dependence of clus-
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ter size on target mass, beam energy and n^. For this purpose, experimental 
data on 4.oA and 14.5A GeV/c ^^Si-Em collisions are analyzed. 
4.5.1 Dependence of cluster size on target mass 
Information about cluster formation in hadronic and nuclear collisions at 
high energies may be gleaned by examining the behaviour of rapidity gap dis-
tributions between the n '^' nearest neighbours [11-15, 24-25]. For this purpose, 
relativistic charged particles in each event are arranged in increasing or de-
creasing order of their pseudorapidities and the rapidity differences between 
two-, three-, four- and five-particles are determined. Thus, n-particle correla-
tions may be investigated by plotting the distributions of rapidity gaps between 
the n'^ '^  nearest neighbours. 
To explain clustering effect, a model was proposed by Snider [19] which is 
essentially a two-channel generalization of the Chew-Pignotti multiperipheral 
model [23] ; Snider model envisages the rapidity gap distribution to have the 
form: 
dn/dr = A exp(-Br) + C exp(-Dr) [4.1] 
where A, B, C and D are constants. The predicted [19] values of A, B, C and 
D are 2.40, 3.10, 0.20 and 0.90 respectively. In the above expression r is the 
rapidity gap between the n*^  nearest neighbours. It may be mentioned that 
the first and the second terms of Eq. 4.1 represent respectively the contribu-
tions of the short-range and long-range correlations [15,19,24]. Furthermore, 
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the values of the slope parameters B and D would help disentangle information 
about the cluster size and cluster density. 
Rapidity gap distributions between two consecutive particles for the inter-
actions due to CNO, AgBr and emulsion targets are exhibited in Fig. 4.9. The 
existence of the sharp peaks at relatively smaller values of rapidity gaps, r, for 
all the three types of interactions indicates the occurrence of two-particle cor-
relation. Three- and four-particle rapidity gaps distributions for CNO, AgBr 
and emulsion targets are plotted in Figs. 4.10 and 4.11; clear peaks occur at 
comparatively smaller values of r, indicating thereby the presence of three- and 
four-particle correlations. However, sharp peaks do not occur in the case of 
five-particle rapidity gap distributions shown in Fig. 4.12. These observations, 
therefore, tend to suggest that two-, three- and four-particle correlations do 
occur, whereas five-particle correlation appears to be absent. The solid curves 
in each figure represent the best fits to the data obtained using Eq. 4,1. \alues 
of the parameters A, B, C and D, obtained for these distributions alongwith 
the corresponding values of x^/D.F. for each fit, are given in Table 4.1: these 
fits are obtained using CERN standard program MINUIT and errors are es-
timated as given in MINOS. The two broken lines in each figure represent 
the contributions of the two exponential terms appearing in Eq. 4.1. It is 
interesting to note from Figs. 4.9-4.11 that major contribution to two-, three-
and four-particle correlations comes from the short-range correlation whilst 
the long-range contribution seems to be quite negligible. Furthermore, it is 
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Fig. 4.9. Distributions of rapidit}' gaps between two consecutive 
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Fig. 4.11. Four-particle rapidity gap dish-ibutions for CNO, 
28 
AgBr and emulsion targets in 14.5A GeV/c Si-
nucleus collisions. 
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Table 4.1 Values of the constants appearing in Eq. 4.1 for 14.5A GeV/c '^ *Si-
nucleus, 400 GeV/c p-nucleon and 400 GeV/c p-nucleus interactions. 
Nature of 
Correlation 
Si-Em 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
Si-AgBr 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
Si-CNO 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
p-nucleon 
Two-particle 
Three-particle 
Four-particle 
p-nucleus 
Two-particle 
Three-particle 
Four-particle 
A 
4.13±0.45 
2.91±0.37 
2.21±0.10 
-
3.79±0.21 
3.05±0.19 
2.45±0.36 
-
3.98±0.34 
3.10±0.18 
2.04±0.33 
-
4.80±0.79 
2.50±0.65 
4.00±0.09 
4.30±1.00 
3.95±0.05 
2.39±0.39 
B 
4.84±0.30 
3.31±0.38 
2.58±0.05 
-
5.16±0.13 
3.52±0.09 
2.46±0.21 
-
4.75±0.19 
2.89±0.07 
2.44±0.17 
-
5.50±0.81 
3.00±0.51 
2.88±0.21 
4.42±1.12 
2.95±1.01 
1.90±0.36 
C 
0.09±0.03 
0.26±0.20 
0.34±0.01 
-
0.20±0.02 
0.21±0.01 
0.15±0.03 
-
0.09±0.01 
0.19±0.01 
0.46±0.03 
-
0.15±0.02 
0.11±0.07 
0.35±0.03 
0.07±0.03 
0.10±0.07 
0.24±0.05 
D 
0.92±0,17 
1.40±1.08 
1.00±0.02 
-
1.38±0.05 
1.00±0.03 
1.04±0.08 
-
0.82±0.12 
0.81±0.03 
1.00±0.04 
-
1.00±0.06 
0.8o±0.14 
0.88±0.07 
1.00±0.25 
0.85±0.14 
1.25±0.20 
x ' l 
D.F. 
0.11 ' 
0.19 
0.09 
-
0.15 
0,27 
1.17 
-
0.24 
0.56 
0.28 
-
1.23 
0.09 
1.19 
0.05 
0.06 
0.04 
x ' l 
D.F. 
0.54 
i 
2.89 
1 
0.13 
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seen from Table 4.1 that the value of the parameter B, which represents the 
strength of the correlation, decreases with increasing cluster size. However, 
the value of this parameter is essentially the same for the collisions due to 
CNO, AgBr and emulsion groups of nuclei, i.e., the parameter B is essentially 
independent of the target mass. On the other hand, the value of D remains 
unchanged irrespective of the number of particles constituting a cluster as well 
as the target size. Incidentally, the value of D determined in the present study 
is in excellent agreement with its predicted value of ~ 0.9 [19]. The constancy 
of D against the number of particles constituting a cluster and the target size, 
supports the idea of independent particle emission. 
For comparing the results of the present study with those obtained in h-h 
and h-A collisions, the values of the constants A, B, C and D obtained '^ 11] for 
p-nucleon and p-nucleus collisions at 400 GeV/c, are also listed in Table 4.1. 
It is interesting to note from the table that for each type of correlation, the 
values of B and D for p-nucleon, p-nucleus and nucleus-nucleus collisions are 
almost the same; the values of these parameters have also been found [11-12] 
to be insensitive to the projectile energy for both h-h and h-A collisions in the 
energy range ~ (50-1000) GeV. 
For investigating the uncorrelated production of particles, five-particle ra-
pidity gap distributions for the three groups of collisions are compared with the 
Wigner distribution [26], which is one of the nearest neighbours of GOE-like 
distributions, represented by the expression: 
82 
P{x) = ^x[exp{-'f)] [4.2j 
where x = ^ , < r > being the mean rapidity gap between the nearest neigh-
bours for the entire events for a particular group of interactions considered in 
the present study. 
Five-particle rapidity gap distributions for CNO, AgBr and emulsion groups 
of targets are displayed in Fig. 4.12. The curves in the figure represent Eq. 
4.2. The best iits to the data are obtained by adjusting < r > for getting 
a minimum value of x^/D.F.; the values of x^/D-F. for these fits are given 
in the last column of Table 4.1. Thus, reproduction of five-particle rapidity 
gap distribution by the Wigner distribution further rules out the existence of 
five-particle correlation. 
4.5.2 Dependence of cluster size on n^  
For investigating the dependence of cluster size on n^, the data samples on 
4.5A and 14.5A GeV/c ^^Si-nucleus interactions are again divided into three 
distinct groups: (i) n^  < 9, (ii) 10 < n^ < 20 and (iii) n^  > 21 
Distributions of the rapidity gaps between two consecutive particles and 
three-particle rapidity gap distribution in different ng-intervals are plotted in 
Figs. 4.13 and 4.14 respectively. It may be of interest to point out that occur-
rence of sharp peaks at relatively smaller values of rapidity gaps, r, in Figs. 
4.13 and 4.14, reveals the existence of two- and three-particle correlations. The 
solid curves in these figures are obtained using Eq. 4.1. The broken lines in 
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each figure are the contributions of the two terms occurring in Eq. 4.1. In 
Figs. 4.13 and 4.14, the broken lines corresponding to the short-range corre-
lations, almost coincide with the solid curves at the lower values of r for the 
three groups of interactions considered. It is seen that in the case of two- and 
three-particle rapidity gap distributions, the short-range correlation plays a 
significant role as compared to the long-range correlation. 
Four-particle rapidity gap distributions for the interactions having different 
values of Us at both the energies are plotted in Fig. 4.15. It may be interesting 
to mention that sharp peaks do not occur for the collisions characterized by 
nj < 9. Nevertheless, sharp peaks are observed in the four-particle rapidity 
gap distributions for the interactions having relatively higher n.,. values, that 
is, for the collisions having n^  > 10. Furthermore, the distributions for the 
interactions having n^  > 10 for both the energies are reproduced reasonably 
well by Eq. 4.1. This suggests that four-particle correlation does not exist in 
the interactions characterized by n^  < 9, whereas for the events having n.,. > 
10, there is a positive indication for the occurrence of four-particle correlation. 
Five-particle rapidity gap distributions are displayed in Fig. 4.16. The 
non-occurrence of sharp peaks at relatively smaller values of five-particle ra-
pidity gap points towards the absence of five-particle correlation in all the 
interactions considered. The values of the parameters A, B, C and D appear-
ing in Eq. 4.1 are calculated for different n, bins and are listed in Table 4.2 
alongwith the values of X V D . F . for each fit for both the projectile energies. 
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It may be noted from Table 4.2(a,b) that the values of B and D for the two 
energies are approximately the same. It may also be noted that the value of D 
is essentially the same for the three nj-intervals. Furthermore, the constancy 
of the value of D reveals that particles are produced independently. However, 
the value of B increases slightly with increasing n^. 
Table 4.2(a) Values of the constants occurring in Eq. 4.1 obtained for 
14.5A GeV/c '^ ^Si-nucleus interactions. 
Nature of 
Correlation 
ris <9 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
10< n, <20 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
Us >21 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
A 
3.82±0.44 
3.85±0.41 
-
-
4.10±0.41 
3.39±0.22 
3.65±0.06 
-
3.58±0.41 
3.34±0.18 
4.00±0.09 
-
B 
4.71±0.23 
4.00±0.26 
-
-
5.01±0.38 
4.30±0.70 
3.72±0.12 
-
6.76±0.20 
4.50±0.12 
2.88±0.21 
-
C 
0.32±0.03 
0.15±0.02 
-
-
0.53±0.02 
0.20±0.02 
0.15±0.01 
-
0.39±0.03 
0.28±0.02 
0.35±0.03 
-
D 
0.72±0.01 
1.40±0.09 
-
-
0.69±0.02 
1.8()±0.26 
1.30±0.07 
-
0.91±0.01 
0.79±0.04 
0.88±0.07 
/V / 
D.F. 
0.22 
0,12 
-
1 
1 
0.25 1 
0.08 ! 
0.10 
-
0.14 
0.15 j 
0.14 ^ 
x'/ 
D.F. 
; 
0.08 
2.10 ' 
1.10 
1 
' 
0.79 
The behaviour of the uncorrelated production in different n^-intervals are 
compared with Wigner's distribution [Eq. 4.2]. The distributions are plotted 
in Fig, 4.16. Four-particle rapidity gap distributions for the collisions having 
<in 
lis < 9 are also compared with the Wigner's distribution in Fig. 4.15. It can be 
seen from the figures that the curves corresponding to the Wigner distribution, 
fit quite well with the four-particle rapidity gap distribution for the interactions 
having n^  < 9 and five-particle rapidity gap distributions [Fig. 4.16] for the 
three categories of collisions. The values of x^/D.F. for these fits are given in 
the last column of Table 4.2(a,b). Further, in order to compare the results of 
the present study with those reported earlier [7], values of the constants A, B, 
C and D alongwith x^/D.F. for each fit, obtained for p-nucleon and p-nucleus 
collisions at 400 GeV, are also presented in Table 4.3(a,b). 
Table 4.2(b) Values of the constants appearing in Eq. 4.1 obtained for 
4.5A GeV/c ^^Si-nucleus interactions. 
Nature of 
Correlation 
ris < 9 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
10< ns <20 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
n, >21 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
A 
3.50±0.13 
3.90±0.31 
-
-
3.98±0.30 
4.80±0.24 
3.80±0.07 
-
4.00±0.16 
2.90±0.03 
3.20±0.06 
-
B 
4.80±0.61 
4.30±0.21 
-
-
5.10±0.81 
3.60±0.30 
3.10±0.06 
-
5.5Q±0.79 
4.20±0.21 
3.80±0.08 
-
C 
0.23±0.02 
0.36±0.02 
-
-
0.12±0.01 
0.30±0.02 
0.48±0.07 
-
0.28±0.06 
0.28±0.07 
0.23±0.03 
-
D 
0.66±0.07 
1.80±0.26 
-
-
0.94±0.04 
1.33±0.08 
0.91±0.01 
-
0.79±0.06 
1.80±0.09 
1.01±0.07 
-
xV 
D.F. 
0.21 
0.06 
-
-
0.16 
0.10 
0.20 
-
0.09 
0.12 
0.16 
-
x 7 i 
D.F. 
1 
0.21 ! 
1.79 I 
: 1 
i ' 
1.50 : 
H 
' 
\ 0.98 
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Table 4.3(a) Values of the various parameters occurring in Eq. 4.1 taken 
from ref.(7) for p-nucleus collisions at 400 GeV/c. 
Nature of 
Correlation 
Us < 9 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
10< n, <20 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
n, >21 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
A 
3.42±0.82 
3.70±1.01 
2.45±0,39 
-
4.13±0.85 
3.15±0.61 
3.88±0.60 
-
3.98±1.02 
3.30±0.65 
2.64±0.37 
-
B 
4.50±0.60 
3.50±0.52 
1.74±0.29 
-
4.62±0.73 
3.42±0.20 
1.75±0.34 
-
4.73±0.82 
3.56±0.49 
1.67±0.37 
-
C 
0.04±0.01 
0.15±0.06 
0.20±0.07 
-
0.06±0.02 
0.06±0.05 
0.15±0.07 
-
0.02±0.07 
0.01±0.01 
0.05±0.01 
-
D 
0.72±0.11 
0.74±0.27 
1.07±0.22 
-
0.70±0.08 
0.74±0.08 
1.10±0.16 
-
0.70±0.02 
0.76±0.03 
1.06±0.02 
-
xV 
D.F. 
0.22 
0.15 
1.61 
-
0.14 
0.20 
0.15 
-
0.08 
0.17 
0.09 
-
^D.F, II 
1 
• 
2.27 
0.95 
! 
! 
0.G2 : 
1. 
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Table 4 .3(b) Values of the various parameters occurring in Eq. 4.1 taken 
from ref.(7) for p-nucleon collisions at 400 GeV/c. 
Nature of 
Correlation 
n, <9 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
10< ris <20 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
ris >21 
Two-particle 
Three-particle 
Four-particle 
Five-particle 
A 
3.15±0.45 
2.50±0.88 
0.50±0.07 
-
3.72±0.65 
2.80±0.74 
3.00±0.31 
-
3.50±0.72 
4.00±0.43 
2.50±0.10 
-
B 
4.98±0.88 
3.50±0.45 
1.90±0.07 
-
5.00±0.80 
3.64±0.23 
2.29±0.08 
-
5.00±0.84 
3.80±0.30 
2.29±0.06 
-
C 
0.13±0.01 
0.20±0.01 
0.51±0.15 
-
0.09±0.01 
0.07±0.01 
0.12±0.07 
-
0.07±0.03 
0.08±0.02 
0.01±0.02 
-
D 
0.72±0.04 
0.74±0.03 
1.04±0.02 
-
0.77±0.05 
0.77±0.05 
1.04±0.04 
-
0.07±0.01 
0.72±0.12 
1.05±0.01 
-
xV 
D.F. 
0.25 
0.20 
1.50 
-
0.18 
0.19 
0.17 
-
0.27 
0.19 
0.63 
-
xV 
D.F. 
1.85 
0.61 
0.87 
1 
U2 
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CHAPTER V 
EMISSION OF HADRONS IN THE BACKWARD 
HEMISPHERE IN NUCLEAR COLLISIONS 
5.1 Introduction 
Several attempts [1-4] have been made during the recent years to under-
stand the phenomena of cascading and re-scattering of particles in the spec-
tator part of the nuclei in relativistic A-A collisions. Models proposed to 
explain multiparticle production in such collisions are required to be modified 
to explain particle yields in the fragmentation region[5]. Several models have 
also been put forward to explain the cascading and re-scattering of secondary 
hadrons, for example, FRITIOF of Lund Model and its modified version[6], 
statistical decay model (SDM) [7], intranuclear cascade model(ICM) [8]. etc. 
Various aspects of experimental data on 3.7A GeV/c ^Li-nucleus collisions, 
having hadrons in the backward hemisphere, have been reported[5' to be in 
reasonable agreement with the predictions of all these models. Furthermore, 
study of characteristics of particles emitted in the forward and backward hemi-
spheres is expected to provide an opportunity for a better understanding of 
the production mechanism because particle production in the backward hemi-
sphere would be kinematically forbidden if A-A collision is viewed as a super-
position of multiple nucleon-nucleon collisions. It was, therefore, considered 
worthwhile to investigate various features of hadron emission in the forward 
9ti 
and backward hemispheres and intercorrelation amongst them. Attempt is 
also made to study various emission characteristics of the particles produced 
in the collisions with and without the emission of hadrons in the backward 
hemisphere. The findings of the present study are compared with the predic-
tions of various models. 
5.2 Mean multiplicity 
Mean multiplicities of relativistic charged particles produced in the back-
ward hemisphere(0 > 90°), < n* >, in 4.5A and 14.5A GeV/c ^**Si-nucleus 
interactions are presented in Table 5.1; 9 is the emission angle of a particle. 
It may be interesting to note from the table that the value of < n^ > remains 
essentially constant ~0.4, within the limit of experimental errors, irrespective 
of mass and energy of the projectile. This is due to the fact that average num-
ber of relativistic hadrons in the backward hemisphere depends on the number 
of interacting nucleons from the projectile and is independent of projectile en-
ergy. 
Mean multiplicities of relativistic charged particles emitted in the forward 
hemisphere ( 9 < 90°), < n{ >, obtained in the present study as well as those 
reported by other workers[9-12] for A-A collisions in the energy range (2.2-
4.5)A GeV are also listed in Table 5.1. The value of < n{ > increases with 
projectile mass, Ap, as ~ Ap"" (< n{ > oc Ap") with the values of a equal to 
0.74 and 0.81 respectively for 4.5A and 14.5A GeV/c ^*^Si-nucleus interactions. 
^7 
Table 5.1 Values of mean multiplicities of relativistic charged particles 
produced in the forward and backward hemispheres involving 
different projectiles and incident energies. 
Type of 
interaction 
^Li-Em 
«Li-Em 
i2C-Em 
22Ne-Em 
^^Ne-Em 
28Si-Em 
2«Si-Em 
28Si-Em 
28Si-Em 
28Si-Era 
Incident energy 
per nucleon 
(GeV) 
2.2 
3.7 
3.7 
3.3 
4.1 
3.7 
4.5 
4.5 
4.5 
14.5 
<n1> 
0.29 
±0.01 
0.41 
±0.02 
0.42 
±0.01 
0.45 
±0.01 
0.40 
±0.02 
0.44 
±0.02 
0.35 
±0.02 
0.44 
±0.02 
0.39 
±0.04 
0.38 
±0.06 
DK) 
1.01 
±0.03 
0.94 
±0.04 
< n { > 
3.86 
±0.10 
5.71 
±0.15 
7.11 
±0.22 
9.85 
±0.04 
9.71 
±0.23 
11.36 
±0.09 
11.43 
±0.09 
11.36 
±0.35 
12.80 
±0.43 
14.95 
±0.61 
D(n{) 
9.87 
±0.30 
10.26 
±0.43 
1 
Ref. 
H 
3 
3 
3 
3 
11 
3 
1 j 
11 : 
10 
Present work 
Present work 
The above observation also indicates that particle production in the forward 
hemisphere is enhanced with increasing projectile energy, whilst in the back-
ward region particle production is suppressed. The observed dependence of 
ii8 
< n{ > on projectile mass, Ap, indicates that the geometrical cross-section of 
the projectile plays an important role in the particle production. It may, there-
fore, be concluded that the mean multiplicity of relativistic charged particles 
emitted in the forward hemisphere depends on the average number of inter-
acting nucleons from the projectile as well as the target, whereas the average 
rmmber of relativistic hadrons emitted in the backward hemisphere depends 
on the wounded part of the projectile, which participate in the secondary col-
lisions. 
Mean multiplicities of the heavily ionizing tracks, < Uh > and relativistic 
charged particles in the forward hemisphere, < n{ >, in 4.5A and 14.5A GeV/c 
^^Si-nucleus interactions are determined for the interactions characterized by: 
(i) n* =0 , (ii) n* =1, (iii) n* =2 and (iv) n^ >3 and are given in Table 5.2. It 
is seen from the table that for the interactions having n^ — 2 and n^ >3, values 
of < n/i > are approximately equal to 20 and 30 respectively. This indicates 
that emission of hadrons in the backward hemisphere strongly depends on the 
target mass. Furthermore, the events having n^ =0, 1 and 2 are those due to 
the peripheral collisions and the interactions characterized by n^ >3 are the 
ones due to the central collisions [10] with AgBr nuclei. This, therefore, may 
be used as a criterion for sorting out the events arising due to the complete 
destruction of AgBr nuclei. 
fi9 
Table 5.2 Values of mean multiplicities of relativistic charged particles 
produced in the forward and backward hemispheres in 4.5A 
and 14.5A GeV/c ^^Si-nucleus collisions. 
Energy 
per nucleon 
(GeV) 
4.5 
14.5 
category 
of events 
n*=0 
<ni> 
9.37±0.40 
18.18 ±0.98 
19.57±1.98 
34.86±1.89 
12.96±0.57 
18.18 ±1.58 
34.00±3.79 
32.60±2.80 
D(n/) 
7.62±0.28 
10.17±0.69 
10.45±1.39 
9.10±1.34 
8.67±0.40 
8.97±1.12 
11.39±1.68 
10.50±1.98 
<nh> 
6.35±0.38 
15.87±1.17 
20.53±2.55 
32.35±2.32 
7.17±0.44 
14.94±1.36 
23.33±1.85 
31.36±2.05 
D(n,) 
7.41±0.27 
12.13±0.82 
13.50±1.80 
11.11±1.64 
6.76-0.31 
7.69+0.96 
7.61±1.32 
6.41±1.43 
5.3 Multiplicity distribution 
Multiplicity distributions of relativistic charged particles produced in the 
backward hemisphere in 4.5A and 14.5A GeV/c ^**Si-nucleus interactions are 
shown in Fig. 5.1. It is interesting to notice from the figure that Uj distribution 
in the backward hemisphere is essentially independent of the projectile energy. 
Further, it may be mentioned that n\ distribution has been reported 5] to be 
independent of the projectile mass. However, n{ distribution displayed in Fig. 
5.2 is observed to become relatively wider with increasing projectile energy. 
For the events having n\ =0 and n\>l in the case of 4.5A and 14.5A GeVyc 
^^Si-nucleus collisions, n{ distributions are shown in Fig. 5.3. It is clear from 
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the figure that n{ distributions for the events characterized by nj > 1 are much 
broader than those for the collisions having n^ =0. It may be mentioned that 
the multiplicity distribution of relativistic charged particles produced in the 
forward hemisphere is reported [5,13] to become wider with increasing projec-
tile mass for the same incident energy. 
5.4 Multiplicity correlations 
Correlation amongst multiplicities of various categories of secondaries in 
nucleus-nucleus collisions is regarded to be a more sensitive aspect to under-
stand the mechanism of backward emission of hadrons[5, 9]. Quite obviously, 
the backward hemisphere is closely linked with the target fragmentation re-
gion, where the particle properties are dependent on projectile mass. It is, 
therefore, quite interesting to study the correlation between multiplicities of 
various categories of particles emitted in the backward hemisphere. 
Fig. 5.4 exhibits the variations of < n^ > and < n{ > with Uh for 4.5A and 
14.5A GeV/c ^^Si-nucleus interactions. It may be noted from the figure that 
< n{ > is strongly correlated with nu in comparison io < n\ > Uh correlation 
at both the projectile energies. 
Variations of < ri{ > with n\ and <n\> with n{ for the two sets of data 
considered are displayed in Figs. 5.5 and 5.6 respectively. The straight lines in 
the figures are the least squares fits to the data. It may be of interest to note 
from the figures that the < n{ >-n\ correlations is much stronger than the 
A 
o 
C 
V 
4.5A GeV/c 
14.5AGeV/c 
A^ 
c 
V 
4 0 -
30-
20-
10-
-
n-
• 
• 
• / 
, 
4.5A GeV/c 
14.5A GeV/c 
^ ! 
1 
• 
• 
1 
f. 
• 
• / X 
X t 
* 
1 . 1 . 
10 20 30 40 50 
Fig. 5.4. Variations of < n > and < n '> witli n in " si-
s s h 
nucleus interactions at the two incident energies. 
1 il • ' 
A 
c 
40 
30 
20 
10 
T" 
-
• , . » " 
y 
,4 
1 — — 1 • • • - - . — , — • 
4,5A GeV/c 
1 
-
50 
40 -
A 30 -
C 
V 20 
- I 
-
.^ 
\ 
X'"'^ 
..... , 
1/ 
1 
— 1 — ' - , . . . 
• 
" 
14.5AGeV/c ^ 
\ 
Fig. 5.5. Varicitions of <n^  > with n^' in "Si-nucleus interactions at 4.5 A 
and 14.5A GeV/c. 
1()6 
* - 14.5AGeV/c 
A 
•a 
u 
C 
V 
T 1^  1 ' r 
>.. .w 
-1 ' 1 ' r 
20 30 
| t 
40 5C 
A 
o 
C 
V 
4.5A GeV/c 
,-,.4^^''rf^ rif 
10 20 30 «0 
Fig. 5.6. Variations o( <n^^> with n '^ in ^^Si-nucleus interactions at 4,5A 
and 14.5A GeV/c. 
Id? 
< n* > n{ correlation and these correlations are insensitive to the projectile 
energy. These observations help conclude that the mechanism of hadron pro-
duction in the forward and backward hemispheres are perhaps quite different. 
5.5 Pseudorapidity distribution 
Angular characteristics of particles produced in 4.5A and 14.oA GeV/c 
^*Si-nucleus interactions are examined in terms of pseudorapidity variable, r/. 
For the events characterized by nj=0, 1 and n* > 2, 77 distributions are plot-
ted in Fig. 5.7. The curves in the figure are Gaussian distributions (CD) [14] 
having the form: 
dN _ 1 exp[-(ri-<ri>f] 
'*" [2nD{r,)]^ 2D(7))' 
where < r) > and T){r]) represent respectively the mean value of 77 and the 
dispersion of rj distribution. The values of < 77 > and 0(77) obtained for each 
fit are given in Table 5.3. The experimental values of these parameters are 
also given in the parentheses in the same table. The curve in Fig. 5.7 is the 
best fit to the data in the region, 77 ~ 770 ± 2.0, where 770 is referred to as the 
centre-of-mass hadron-nucleon rapidity[15]. The values of 770 are taken to be 
2.3 and 2.1 respectively for 4.5A and 14.5A GeV/c ^^Si-imcleus interactions. 
From Fig. 5.7 and Table 5.3, the following conclusions may be arrived at. 
1. 77 distribution for the events characterized by n^ >0 extends right from the 
target fragmentation region 77 ~-2 to the extreme of the projectile fragmenta-
tion region and are reproduced reasonably well by a single GD, whereas the 
id 8 
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with n^  = 0, J and n^  > 2 produced in 4.5A and 14.5A G e \ ' / c 
Si-nucleus interactions. 
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distribution for the events having n*=0 does not extend beyond ?; <0. Fur-
thermore, the distribution for this class of events may be fitted by two distinct 
CD's. 
2. The value of < 77 > is observed to decrease with increasing number of 
hadrons produced in the backward hemisphere. For the events having n^=0, 
the value of < 7? > is essentially insensitive to the projectile energy. However, 
for the events with n''g=l and n* > 2, the value of < 77 > is found to be greater 
for the higher incident energy. 
3. Value of 0(7;) is practically insensitive to the number of hadrons emitted 
in the backward hemisphere but slightly decreases with increasing projectile 
energy. 
These observations, therefore, tend to suggest that the production of events 
with nl—0 takes place due to : (i) the interaction with CNO group of nuclei 
(right GD in Fig 5.7) and (ii) the peripheral collisions with AgBr nuclei (left 
GD in the same figure). In order to check this result, the mean number of 
relativistic charged particles contributed by the right GD is estimated. These 
values turn out to be ~8.2 and ~11.8 respectively for 4.5A and 14.oA GeV/c 
^^Si-nucleus interactions. Incidentally, these values are in fine agreement with 
the mean multiplicities of relativistic charged particles, 8.98 and 11.21 respec-
tively, obtained for the collisions due to CNO group of nuclei at 4.oA and 
14.5A GeV energies. On the other hand, the events accompanied by the emis-
sion of one or more shower particles in the backward hemisphere are due to 
Ill) 
the central collisions of the projectile with the AgBr nuclei. 
Table 5.3 Values of the mean pseudorapidity, < 77 > and its dispersion, 
T){rj) and x^/D.F. for various categories of ^*Si-nucleus collisions 
at 4.5A and 14.5A GeV. 
Energy 
per nucleon 
(GeV) 
4.5 
14.5 
Category 
of events 
<=o 
<=l 
n's>2 
n's^O 
n*=l 
n^>2 
< r/ > 
(3.23±0.03) 
2.12±0.27 
4.43±0.28 
(2.53 ±0.03) 
2.32±0.24 
(2.04±0.04) 
1.71±0.26 
(3.24±0.02) 
2.42±0.13 
4.35±0.18 
(2.82 ±0.06) 
2.24±0.15 
(2.42±0.05) 
2.12±0.16 
D{r,) 
(1.48±0.02) 
1.02±0.23 
0.83±0.13 
(1.50±0.02) 
1.53±0.37 
(1.41±0.03) 
1.45±0.27 
(1.29±0.02) 
0.63±0.08 
0.63±0.10 
(1.37±0.04) 
1.05±0.17 
(1.18±0.03) 
1.06±0.21 
1 
XVD.F. 
1.70 
1.50 
1.06 
2.83 
2.36 
2.26 
1 " •* 
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CHAPTER VI 
RAPIDITY DENSITY FLUCTUATIONS IN RELATIVISTIC 
NUCLEAR COLLISIONS 
6.1 Introduction 
Dynamics of multiparticle production in relativistic heavy-ion collisions are 
considered to be rather more complex and the least understood in comparison 
to relativistic hadron-hadron and hadron-nucleus collisions. The number of 
participating nucleons are believed [1] to play an important role in multiparti-
cle production. In the central collision of ^^0-Ag, this number is expected [1] 
to be ~ 70, whereas only a few nucleons may be involved in a peripheral col-
lision. In a nucleon-nucleon collision inside a nucleus, final state particles are 
envisaged to be produced instantaneously and these particles may re-interact 
with the nuclear medium. On the other hand, if the formation time is long, 
that is, longer than the nuclear distances, the energy carried by the incident 
particle will continue as a unit while passing through the target [2]. These 
two scenarios may give rise to different multiplicities of the emitted particles. 
Investigation of the various emission characteristics of the produced particles 
and a comparison with corresponding values predicted by different models may 
allow to draw some important conclusions about the mechanism of particle pro-
duction. 
Particles produced in the final state of collisions are visualized [3-5] to be 
1 "^ 
strongly correlated. The reason for such a correlation effect, explained by dif-
ferent theorists, may be due to the production of resonances, hot multi-nucleon 
fireballs or the formation of a quark-gluon plasma, etc. 
Fluctuations in small r;-bins in 77 distributions are also interpreted [6-9i 
as due to correlated particle production in the collisions. Although the phe-
nomena of correlations and clusterizations have been extensively studied [7, 
8, 10-11] at wide incident energy range but conclusive evidence so for has not 
been obtained. However, it has been pointed out that some new approach 
should be adopted for understanding the mechanism of fluctuations and cor-
relations in relativistic nucleus-nucleus collisions. 
A simple method for studying particle correlations is to examine the max-
imum rapidity density fluctuations using narrow rapidity bins[8]. Rapidity 
density fluctuations in relativistic nuclear collisions is a key aspect in looking 
for the production of quark-gluon plasma[6,12-13] as it is related to the en-
ergy density reached in such collisions[14]. An attempt is, therefore, made to 
study various characteristics of maximum rapidity density distributions in 4.5 
A and 14.5 A GeV/c ^^Si-nucleus collisions. In this chapter, various interesting 
aspects of maximum rapidity density distributions in various pseudorapidity 
intervals are examined. 
6.2 Method of analysis 
For investigating various interesting characteristics of maximum rapidity 
1M 
density in the pseudorapidity space, ry distribution of relativistic charged par-
ticles at a fixed rapidity interval, A77, over the entire //-range for each event is 
plotted and the number of relativistic charged particles in each 77-bin of width 
A77 is counted. The rapidity density, P = ^ , for each bin is evaluated and 
hence maximum rapidity density, Pmax, is determined. Variations of < Pma.x > 
with the average value of the total rapidity of each event, < Ftot > and < Ytot > 
with < Ns > where Ftot is calculated from: l^ ot = '^Tii=i{Vi/^s) and < N^ > 
represents the average value of n^  for a given multiplicity interval, have been 
investigated. Further, the behaviours of/Jmax and Umax distributions have also 
been examined. It is worthmentioning that using a similar approach, events 
of very high local density have been identified by NA22 collaboration [8]. 
For examining whether the fluctuations observed are the non-statistical 
ones, experimental results are compared with those observed for the Monte 
Carlo simulated data. For this purpose, two samples of Monte Carlo gener-
ated events, each comprising of 3000 interactions, produced in 4.5A and 14.5A 
GeV/c '^ *Si-nucleus collisions and satisfying the following criteria are consid-
ered: 
(i) Multiplicity distribution of generated events should be similar to the cor-
responding experimental distribution, 
(ii) The emitted particles should not be correlated and 
(iii) For each event pseudorapidity distribution should have Gaussian shape 
with its mean value and dispersion comparable to their corresponding experi-
1 ;i : 1 
mental values for the entire sample. 
6.3 Results and Discussion 
6.3.1 Variations of < pmax > with < Ytot > 
Figs. 6.1 and 6.2 show the variations of < pmax > with < Ftot > for various 
values of pseudorapidity windows, A77, for 4.5A and 14.5A GeV/c ^*Si-nucleus 
interactions respectively. It is interesting to note from the figures that the 
value of < Pmax > decreases exponentially with < Ftot > at both the energies 
for various Ary values. Further, the values of < Pmax > are relatively larger for 
the higher energy data for every 77 window considered. However, for < Ytot >> 
10, < pmax > is insensitive to the projectile energy. The curves in the figures 
are the best fits to the data satisfying the following relationship: 
where YQ is the minimum experimental value of Ftot; this value is used for 
obtaining the best fits to the data. The values of the constants a, b and d and 
X^/D.F. for each fit are given in Table 6.1. It may be noted from the table 
that the value of d remains essentially unchanged irrespective of rj bin and its 
value for the data on 14.5 A GeV/c ^^Si-nucleus collisions is slightly more in 
comparison to those for 4.5A GeV/c ^**Si-nucleus interactions. 
6.3.2 Pmax distribution 
Distributions of maximum rapidity density for various Ar/ bins are exhib-
ited in Figs. 6.3-6.6. The distributions for the simulated events are also shown 
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Table 6.1 Values of a, b and d appearing in Eq. 6.1 and x^/D.F. for each fit. 
Type of interaction 
28Si-Em 
(4.0 A GeV/c) 
28Si-Em 
(14.5 A GeV/c) 
28Si AgBr 
(4.5 A GeV/c) 
2»Si AgBr 
(14.5 A GeV/c) 
A T] 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
a 
1.25±0.19 
1.51±0.27 
2.13±0.25 
4.63±0.45 
8.81±0.25 
19.41±1.46 
0.95±0.27 
1.33±0.41 
2.15±0.98 
3.96±0.51 
8.60±1.26 
10.27±3.12 
-3.71±6.53 
2.04±0.55 
-2.37±5.16 
-3.85±5.23 
4.50±4.14 
8.20±6.74 
-0.28±1.00 
-0.39±1.06 
0.25±1.09 
-1.49±5.78 
-0.57±6.46 
6.12±15.32 
b 
18.76±0.91 
20.88±1.33 
12.87±0.36 
27.70±1.18 
15.99±0.26 
52.00±3.43 
7.52 ±0.30 
11.34±0.25 
13.22±1.12 
18.22±0,36 
17.55±0.54 
33.74±1.39 
17.98±6.13 
19.61±1.2 
20.87±4.8 
32,11±4.78 
39.89±3.85 
57.08±4.83 
13.15±0.95 
13.95±0.99 
16.68±1.03 
25.03±5.42 
38.87±6.20 
46.75±14.45 
d 
1.93±0.14 
1.89±0.18 
2.48±0.16 
2.49±0.21 
2.86±0.13 
2.20±0.30 
2.27±0.23 
2.34±0.49 
2.48±0.56 
2.78±0.16 
2.43±0.21 
2.92±0.49 
4.85±2.95 
1.81±0.2 
4.37±1.9 
4.64±1.45 
3.05±0.65 
3.63±0.96 
2.60±0.46 
2.86±0.47 
2.71±0.39 
4.06±1.63 
5.59±1.41 
4.25±2.37 
X' /D.F II 
1 
0.05 II Q.19 [ 
0.13 II 
O.IG 1' 
0.04 
1.78 
0.05 
0.16 
0.85 j 
0.30 
1.04 
1.84 
1.09 
0.23 
1.00 
1.40 
2.12 
1.71 
0.22 
0.18 
0.23 
1.08 
0.40 
0.64 
i-
in these figures. It is evident from the figures that the distributions become 
relatively wider and have longer tails with decreasing bin width, Ar/, for emul-
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sion as well as AgBr targets for both the energies. Although the experimental 
distribution and the distribution for the simulated data are observed to have 
similar shapes, the experimental value of -^^ and its value for the simulated 
data are quite different, particularly in the mid-regions of the distributions. 
Furthermore, the mean values of the maximum rapidity density, < p^ax > 
and dispersion, D{pmax), for each distribution, experimental as well as for the 
generated events, are listed in Table 6.2. It may be mentioned that the ex-
perimental values of both < pmax > and D{pmax) are comparatively higher 
than their corresponding values for the simulated events. The observed higher 
values of the two parameters in comparison to their values for the correla-
tion free simulated data, yield higher particle densities in small rj bins for the 
experimental events. This may be attributed to the presence of dynamical 
correlations and clusterization amongst the particles produced in high energy 
A-A collisions. 
6.3.3 Variations of < Pmax > with < Ng > 
Using the value of pmax for each event over a fixed pseudorapidity interval, 
the mean values of pmax for the events having rig values in the intervals: 4 8, 
9 12, 13 16, etc., are estimated. Variations of < pmax > with < A's > for vari-
ous A77 values are displayed in Figs. 6.7-6.10. It may be noted that < p„iax > 
increases hnearly with < Ng > for both the energies. It is worthmentioning 
that the lines in the figures are the least squares fits to the data having the 
1L3 
Table 6.2 Values of < pmax > and D{pmax) for different pseudorapidity 
intervals for the experimental and simulated data at the two 
incident energies. 
Energy/Type 
of interaction 
14.5A GeV 
^^Si~Enmlsion 
14.5A GeV 
28Si-AgBr 
4.5A GeV 
^^Si-Emulsion 
4.5A GeV 
28Si-AgBr 
A?7 
1.0 
0.8 
0.5 
0.2 
0.1 
1.0 
0.8 
0.5 
0.2 
0.1 
1.0 
0.8 
0.5 
0.2 
0.1 
1.0 
0.8 
0.5 
0.2 
0.1 
observed events 
•^ Pmax ^ 
6.29± 0.27 
6.82± 0.28 
8.60±0.33 
13.85±0.45 
21.10±0.61 
7.90±0.50 
8.58±0.50 
10.66±0.61 
16.50±0.80 
25.00±1.10 
4.82±0.17 
5.40±0.19 
6.80±0.21 
11.92±0.32 
18.60±0.42 
7.43±0.34 
8.18±0.38 
9.91±0.42 
16.26±0.60 
24.00±0.81 
'-'[Pmax) 
4.51± 0.20 
4.63± 0.20 
5.60±0.24 
7.60±0.32 
10.29±0.43 
5.21±0.35 
5.34±0.35 
6.51±0.43 
8.56±0.57 
11.49±0.76 
3.87±0.12 
4.27±0.13 
4.85±0.15 
7.27±0.22 
9.77±0.30 
4.64±0.24 
5.20±0.27 
5.73±0.29 
8.16±0.42 
11.14±0.57 
MC-generated events 
*^  Pmax -^ 
5.72±0.05 
6.30±0.05 
7.83±0.06 
13.11±0.08 
20.81±0.12 
7.12±0.05 
7.79±0.06 
9.56±0.06 
15.46±0.10 
23.95±0.14 
4.82±0.04 
5.33±0.04 
6.77 ±0.05 
11.71±0.08 
19.00±0.12 
6.72±0.05 
7.38±0.05 
9.04±0.06 
14.81±0.09 
23.18±0.13 
D(pmax) 
3.14±0.03 
3.36±0.03 
4.00±0.04 
5.93±0.06 
8.68±0.09 
3.59±0.04 
3.85±0.04 
4.48±0.05 
6.58±0.07 
9.56±0.10 
2.67±0.03 
2.87±0.03 
3.42±0.03 
5.30±0.05 
8.06±0.08 
3.29±0.05 
3.52±0.04 
4.14±0.05 
6.15±Q.06 
9.Q2±0.09 
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form: 
<Pmax>=a + b < N s > [6.2] 
The values of the parameters a and b and x^/D.F. for various fits are given in 
Table 6.3(a,b). It may be seen from the table that the value of the constant b 
increases with decreasing ATJ; this value is found to be practically insensitive 
to the target mass and beam energy. Thus, for a fixed value of Ar/, energy 
and target mass independent relationship between < p^ax > and < N^ > is 
obtained. Incidentally, a similar behaviour of p^ax has also been reported by 
NA22 collaboration [8] for Tr^-p, A;'*"-p and p-p collisions at 250 GeV. 
6.3.4 Umax distribution 
Distributions of events having maximum number of relativistic charged 
particles, nmax, in a small rapidity interval, Ar^=0.1 for emulsion and AgBr 
targets at the two incident energies are exhibited in Fig. 6.11. It may be noted 
from the figure that N^^^f^^ decreases with increasing rimax- Furthermore, the 
best fits to the data are found to have the form: 
i d ^ = aexp(-bn„ax) [6.3] 
The values of the exponential slopes, b, for the interactions of 4.5A GeV/c '^ S^i 
nuclei with emulsion and AgBr targets are found to be equal to 0.256:t0.004 
and 0.35±0.01 respectively; the corresponding values at 14.5A GeV/c are 
0.35±0.02 and 0.49±0.07. The values of 'b' are slightly higher for both types of 
collisions produced at 14.5A GeV/c as compared to the corresponding values 
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Table 6.3(a) Values of the constants a and b appearing in 
Eq. 6.2 at 14.5A GeV energy. 
Type of 
interaction 
^^Si-Emulsion 
28Si-AgBr 
AT? 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
a 
-0.11±0.72 
-0.47±1.67 
2.11±0.91 
5.29±3.99 
9.15±1.38 
23.71±9.90 
-1.00±0.79 
-1.13±1.27 
1.43±1.11 
4.39±2.27 
8.54±3.84 
23.04±4.10 
b 
0.43±0.01 
0.48±0.01 
0.45±0.01 
0.59±0.01 
0.81±0.01 
0.81±0.01 
0.45±0.03 
0.49±0.04 
0.47±0.04 
0.62±0.07 
0.83±0.12 
0.84±0.13 
XVD.F. 
0.85 
2.43 
1.13 
1.69 
2.35 
2.31 
1.20 
2.17 
1.84 
2.99 
2.10 
1.18 
for 4.5A GeV/c data. 
Various interesting features of the maximum rapidity density distribution 
remain essentially unchanged for different targets of varying sizes. However, 
this type of analysis, if carried out using the central collisions and the com-
pletely disintegrated AgBr nuclei, is expected to reveal some additional infor-
mation regarding the dynamical fluctuations. 
Table 6.3(b) Values of the constants a and b appearing in 
Eq. 6.2 at 4.5A GeV energy. 
Type of 
interaction 
'•^ S^i Emulsion 
••^ ^Si-AgBr 
A?7 
1.0 
0.5 
0.5 
0.2 
0.1 
0.05 
1.0 
0.8 
0.5 
0.2 
0.1 
0.05 
a 
-0.53±0.80 
-1.06±1.35 
0.44±0.76 
3.71±1.02 
9.31±1.06 
16.86±2.67 
-0.54 ±0.72 
-1.12±1.3o 
0.35±0.66 
3.56±1.03 
8.52±1.10 
15.88±2,87 
b 
0.40±0.03 
0.46±0.04 
0.48±0.02 
0.63±0.03 
0.75±0.03 
1.10±0.09 
0.40±0.02 
0.46±0.04 
0.48±0.02 
0.63±0.03 
0.77±0.04 
1.13±0.09 
X'/D.F. 
2.91 
4.02 
2.57 
1.90 
1.06 
1.03 
1.44 
1.99 
1.71 
0.59 
0.64 
0.83 
t S 3 
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CHAPTER VII 
SUMMARY AND CONCLUSIONS 
As stated earlier the dynamics of nucleus-nucleus collisions at high ener-
gies are the least understood amongst h-h, h-A and A-A collisions. However, 
with the advent of heavy-ion accelerators recently, the heavy-ion physics sce-
nario has considerably changed. It is believed that in the nuclear collisions at 
RHIC and LHC energies the conditions would be reached under which a phase 
transition from the normal matter to QGP may take place. The search for 
the possible signatures of such a transition is an open question. However, to 
be able to search for the formation of QGP in relativistic heavy-ion collision, 
it is desirable to have a clear understanding of the emission characteristics 
of different secondaries produced. It is because of the fact that the study of 
the emission characteristics of the produced particles may provide some useful 
information about the conditions prevailing during the collision. It was, there-
fore, considered worthwhile to investigate various emission characteristics of 
secondary particles produced in nuclear collisions at relativistic energies. For 
this purpose, a stack of ILFORD G5 emulsion, exposed to 14.oA GeV/c silicon 
beam from AGS (BNL), has been used. In order to examine the dependence 
of various features of multiparticle production on the beam energy and mass 
of the projectile nuclei, the data on 4.5A GeV/c ^^Si- and ^'^C-nucleus inter-
actions, with the same description, are also analyzed. 
A systematic and well focussed study of the mean multiplicities of different 
t:i5 
types of secondary particles are carried out. The mean multiplicity of rela-
tivistic charged particles, < n^ >, is observed to strongly depend on masses 
of the projectile and the target nuclei; < n^ > is observed to increase rapidly 
with the projectile energy, whereas the values of < nj > and < Ug >, within 
error limits, are insensitive to the projectile energy. It may be mentioned that 
< Tib > and < rig > exhibit strong dependence on the target mass. Further, the 
mean multiplicity of the total charged particles, < rich >, is found to depend 
on the product of the masses of the colliding nuclei, {ApAt). This may be due 
to increase in the overlap area of the two colliding nuclei owing to increasing 
sizes of the nuclei involved. 
The value of -~-^ decreases with increasing grey particle multiplicity. This 
observation, incidentally, is contrary to the predictions of the collective tube 
model in which repeated collisions are taken into account. 
The integral frequency distribution of the events as a function of n/, is 
found to consist of different straight line segments. A similar behaviour is also 
observed for the data involving 4.5A GeV/c ^^Si- and ^^C-nucleus interactions. 
Markedly different values of the slopes of these segments are interpreted as an 
indication of the presence of different collision dynamics in relativistic nucleus-
nucleus interactions. The first line segment may correspond to the interaction 
with light nuclei (H, C, N and O) in addition to the peripheral collisions with 
heavy nuclei (AgBr). The second and third line segments are believed to arise 
due to superposition of the peripheral and the central collisions due to AgBr 
targets. The last line segment may be interpreted to be due to the complete 
tJ6 
destruction of heavy target nuclei. 
For examining the dependence of multiplicity distributions of different sec-
ondary particles on the projectile mass, these distributions are plotted for the 
particles produced in ^^C-nucleus and ^^Si-nucleus collisions both at 4.5 GeV/c 
per nucleon. 
The multiplicity distribution of relativistic charged particles is observed to 
depend on the projectile mass. Additionally, it depends on the target mass 
as well. However, the multiplicity distributions of grey and heavily ionizing 
particles are found to depend only on the projectile mass. The multiplicity 
distributions of different categories of secondary particles, as expected, are 
broader for the heavier targets as compared to the corresponding distributions 
for the lighter ones. 
Distributions of multiplicities of relativistic charged particles, rig, and com-
pound multiplicity, Uc, are reproduced reasonably well by the negative binomial 
distributions (NBD) at both the incident energies. Additionally, the multi-
plicity distributions of relativistic charged particles produced in the collisions 
characterized by: i) rih > 12 and ii) Uh > 19, are nicely reproduced by the 
Gaussian distribution (CD). 
The behaviour of the pseudorapidity distribution of relativistic charged par-
ticles produced in high-energy nuclear collisions are thoroughly investigated; 
these distributions are reproduced fairly well by the Gaussian distributions. A 
study of 77 distributions as a function of n^ shows that this distribution strongly 
depends on Ug. 
n? 
As mentioned earlier, rapidity dispersion, D{r]), is a measure of clusteri-
zation amongst secondaries in individual events. Study of the variations of 
< < ri » and < D(ry) > with Ug clearly indicates the presence of clusteriza-
tion in the ^^Si-nucleus collisions at 4.5A and 14.5A GeV energies. This result 
is in fair agreement with the predictions of multiperipheral cluster model. 
The distribution of shower widths, R{r}), strongly depends on Ug and mod-
erately on projectile energy. Rapidity width space occupied by the charged 
particles increases with increasing projectile energy as well as Ug. 
Particle production through the decay of clusters produced in nuclear colli-
sions at very high energies are investigated using minimum rapidity gap distri-
bution. The study of minimum rapidity gap distribution suggests that most of 
the interactions possess a cluster comprising of two charged particles. It may 
be of interest to note that the study of the distribution of dispersion, D(r/), 
also supports the idea of particle production through the decay of clusters. It 
may be mentioned that the events having D{rj) < 0.9 give rise to the formation 
of isotropic clusters. 
D{rj) distributions at the two incident energies have peaks in the central 
part of the distributions and the peaks shift towards lower values of D{r}) with 
increasing projectile energy and the distributions for D{r]) < 0.5, are essen-
tially independent of n^. This may lead to the conclusion that clusterization 
amongst the secondaries does not depend on n., and that this effect is more 
pronounced in the case of higher projectile energy. 
Particle production through the decay of clusters have been investigated 
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by examining the behaviour of the rapidity gap distributions between the n^ ^ 
nearest neighbours. The study reveals that the maximum number of relativis-
tic charged particles constituting a cluster is four. This number is observed to 
remain essentially independent of the mass of the struck nucleus and strongly 
depends on n^. Furthermore, the maximum number of relativistic charged 
particles constituting a cluster is four for the interactions with rij > 10 and 
three for the events having n^ <9. 
Characteristics of interactions accompanied by the emission of relativistic 
charged particles in the backward hemisphere in 4.5A and 14.5A GeV/c '^ *Si-
nucleus interactions are also investigated. Various aspects of the multiplicity 
and r) distributions of fast charged secondaries exhibit strong dependence on 
the number of hadrons emitted in the backward hemisphere, n^. Based on the 
study of these aspects the following interesting results may be stated: 
(i) Multiplicity distribution of relativistic charged particles emitted in the back-
ward hemisphere is essentially independent of the energy of the projectile, 
(ii) Multiplicity distribution of relativistic charged particles produced in the 
forward hemisphere for the events with n^ > 1 is much broader than those 
obtained for the disintegrations characterized by n* = 0. It is interesting to 
mention that n{ distributions for the two categories of events are found to 
become relatively wider for the higher beam energy. This, therefore, indicates 
that excess of the particles arising due to increase in the incident energy tend 
to appear in the forward region. 
(iii) Mean multiplicity of heavily ionizing particles for the events accompanied 
i:>9 
by more than one relativistic charged particles in the backward hemisphere is 
greater than 20 for both the projectile energies considered, indicating thereby 
that such events are due to the central collisions of AgBr nuclei. This crite-
rion may, therefore, be used for selecting events due to the total destruction 
of AgBr nuclei. 
(iv) Dispersion of the pseudorapidity distribution for the events with and with-
out the emission of hadrons in the backward hemisphere is found to acquire 
almost a constant value for a given projectile energy. The value of this pa-
rameter, however, is observed to decrease with increasing incident energy. The 
mean value of the pseudorapidity, < 77 >, is observed to remain essentially 
unchanged irrespective of the projectile energy and decreases with increasing 
number of the relativistic charged particles produced in the backward hemi-
sphere, n*. 
(v) T] distribution for the events with n* > 1 is fitted quite well by a single 
Gaussian distribution (GD), whilst those obtained by considering the events 
having n*=0 is fitted by two distinct GDs. This, in turn, suggests that in the 
production of events having 71^=0, probably two different mechanisms operate. 
Investigation of multiparticle correlation amongst the produced fast par-
ticles on the basis of rapidity density fluctuations in narrow pseudorapidity 
intervals in Monte Carlo background in 4.oA and 14.5A GeV/c ^^Si-nucleus 
interactions leads to the following conclusions regarding particle production 
mechanism. 
(i) The mean value of the maximum rapidity density, Kpnax >, decreases ex-
UQ 
ponentially with the average vahie of the total pseudorapidity, <Ytot >• 
(ii) Distributions of maximum rapidity density, dN/dp^ax with respect to Pmax 
exhibits almost similar trend irrespective of the bin size, AT ,^ These distribu-
tions when looked into the Monte Carlo backdrop, would indicate the occur-
rence of dynamical fluctuations and clusterization. 
(iii) The average value of the maximum rapidity density, <Pmax >, increases 
linearly with increasing < Ng > where < Ng > represent the mean value. Fur-
thermore, for a given < N^ >, <Pmax > increases with decreasing Ar/. 
(iv) The number of the interactions with the maximum number of relativistic 
charged particles, in the 7^-interval 0.1, decreases with increasing value of iimax-
The result further reveals that probability of events for a fixed n^ax increases 
with the projectile energy. 
Various features of the experimental data based on the maximum rapidity 
density distribution do not significantly change with the target mass. However, 
such analysis, if carried out using the central collisions and/or the totally dis-
integrated AgBr nuclei, are expected to provide some additional information 
regarding the occurrence of dynamical fluctuations in relativistic hea\-y-ion 
collisions. 
ui 
LIST OF PUBLICATIONS 
Papers Published in International Journals 
1. Cluster formation in 14.5A GeV/c Si-nucleus interactions. 
Int. J. Mod. Phys. E8, No. 2, (1999) 121. 
2. Maximum charged particle density fluctuations in relativistic heavy-ion colli-
sions. 
Journal of Phys. Soc. of Jpn. Vol. 71, No.4, (2002) 1059. 
3. Intermittency in 4.5A and 14.5A GeV/c ^^Si-nucleus interactions. 
International Journal of Mod Phys. Ell , No.2, (2002) 131. 
4. Non-statistical fluctuations in relativistic nucleus-nucleus collisions, submitted 
to the Canadian Journal of Physics, Canada. 
0. Cluster size dependence on multiplicity of relativistic charged particle in nu-
clear collisions. 
Communicated to Canadian Journal of Physics, Canada. 
Papers Contributed at International/National symposia/Conferences 
1. Multiparticle production in nucleus-nucleus collisions. 
Ill Int. Conf.. On Phys. and Astro Phys. of QGP, Jaipur, March 17-21, 1997. 
2. Multiplicity and compound multiplicity distributions in 14.5A GeV/c Si-emulsio 
collisions. 
DAE Symposium on Nuclear Physics, Bangalore (India) Dec. 27-31, 1997. 
3. On cluster formation in relativistic heavy-ion collisions. 
DAE Symposium on Nuclear Physics, Bangalore (India) Dec. 27-31, 1997. 
4. Correlations and fluctuations in high energy nuclear collisions. 
XIII High Energy Physics Symposium, Chandigarh, Dec. 26-30, 1998. 
5. Characteristics of events accompanied by hadrons in the backward hemisphere 
in relativistic nucleus-nucleus collisions. 
DAE Symposium on Nuclear Physics, Chandigarh (India) Dec. 27-31, 1999. 
6. Multifractals in relativistic heavy-ion collisions. 
DAE International Symposium on Nuclear Physics, Mumbai (India) Dec. 18-22, 
2000. 
7. Design and fabrication of ultrathin cathode pad chamber(CPC). 
DAE International symposium on Nuclear Physics, Mumbai (India) Dec 18-22 
2000. 
0 \<tZ 
8. Multiparticle response of cathode pad charaber(CPC). 
DAE International symposium on Nuclear Physics, Mumbai (India) Dec. 18-22, 
2000. 
9. MultipHcity fluctuations in high energy heavy-ion collisions. 
XIV High Energy Physics Symposium, Hyderabad, Dec. 18-22, 2000. 
10. Intermittency in relativistic heavy-ion collisions. 
IV Int. Conf. On Phys. and Astro Phys.. of QGP, Jaipur, November 26-30, 2001. 
11. Multifractal analysis of multiparticle production at relativistic energies. 
DAE Symposium on Nuclear Physics, SINP, Kolkata (India) Dec. 26-30, 2001. 
12. Evidence of clustarization in Si-nucleus collisions at 14.5A GeV/c. 
DAE Symposium on Nuclear Physics, SINP, Kolkata (India) Dec. 26-30, 2001. 
13. Dominance of statistical fluctuations over erraticity behaviour in relativistic 
nuclear collisions. 
Accepted for presentation at International Conference on Quark Matter, Nantes 
(France) July 18-24, 2002. 
